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Chapter 1

Introduction

Simulations of quantum systems on classical computers quickly reach the lim-
its of current computational resources. The reason for this is the exponential
growth of the dimensions of the Hilbert space of a quantum system with
the number of particles. A well known example for this phenomenon is the
Ising model, where the coupling of n spins creates a Hilbert space spanned
by 2" base vectors [1]. In 1982 Feynman suggested that this property of
quantum mechanical systems could be used as an advantage [2]. Projecting
mathematical problems onto the vast number of eigenstates of a quantum
system could enable us to increase computational speed exponentially. At
that time the notion of quantum computation remained of purely theoretical
interest, until in 1994 the first practical algorithm was proposed by Peter
Shor [3]. He showed that a quantum computer can factorize a large number
in polynomial time. The equivalent calculation on a classical computer has
an exponential time increase. This proved the potential of quantum com-
putation, and created an evergrowing interest in the physical realization of
it.

The basic building block of the quantum computer is the qubit, a two
state quantum system. To be able to build a quantum computer, we need
full control of the quantum state of each single qubit and controlled coupling
of two qubits. Additionally the system should be scalable, such that as
soon as we have shown reliable one and two qubit operations, there is no
fundamental limit to increase the number of qubits. Many physical systems
have been proposed. The first experimental demonstration of Shors algorithm
has been achieved using NMR technology to manipulate organic molecules in
solution [4]. However, these systems have been proven to be fundamentally
limited to a few qubits. Others systems where single qubit operations and
two qubit coupling have been demonstrated are atoms in ion traps [5, 6],
nuclear spins [7, 8] and optical lattices [9, 10].
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6 Chapter 1. Introduction

Since the breakthrough experiment of Nakamura et al. [11] in 1999 there
has also been much interest in superconducting devices as the fundamental
building block of a quantum computer. Superconducting circuits have been
used in many important technological applications. The Josephson effect,
Cooper-pair tunneling through an insulator sandwiched between supercon-
ductors, has been used to establish a voltage standard [12]. Based on the
same effect the superconducting quantum interferometer device (SQUID)
serves as high precision measurement for magnetic flux [13]. The basic archi-
tecture for a quantum computer based on superconducting circuits has been
developed in 1997 [14]. Since then controlability of a single qubit has been
shown [15, 16], and coupling of two qubits has been demonstrated [17, 18].

In the context of quantum computation the coupling of a qubit to a
transmission line has been been studied. A transmission line oscillator can
be used to addres, couple and measure qubits [19, 20]. But beyond quantum
computation there are other interesting applications possible. It has been
shown that a qubit can be used to readout the photon number distribution of
an oscillator with high accuracy [21] and recently a scheme has been proposed
to use qubits as a single photon measurement device for photons in the GHz
range [22]. Many superconducting circuits that resemble systems known
from quantum optics have been developed, e.g. a driven qubit can pump an
oscillator and create a laser like photon distribution [23, 24]. This area of
research is called circuit quantum electrodynamics (CQED).

In a recent experiment by Astafiev et al. [25] an effective single-atom
maser has been build by coupling a superconducting single-electron transistor
(SSET) to a transmission-line. A SSET is essentially a charge qubit with an
applied transport voltage. The SSET serves as an effective artificial atom
which can be pumped via the transport voltage. There is a large interest in
studying single-atom masers to prove fundamental predictions from quantum
optics like thresholdless pumping and sub-Poissonian photon statistics [26,
27]. Single-atom masers have been build before. However in these cases
it was an atomic beam where different atoms subsequently interact with a
microwave cavity [28]. This is fundamentally different from the experimental
achievement of Astafiev et al. where the artificial atom is coupled constantly
to the oscillator. The experimental results of the SSET-maser have not yet
been full explained. Many sources of noise, creating random fluctuations in
the system parameters, couple to a SSET. Thus it is necessary to describe
noise in a large parameter range. A study of a single-atom laser for a broad
range of noise frequencies is also of fundamental interest for quantum optical
systems.

Superconducting devices have also been used as anharmonic oscillators
in the quantum regime. For example the bistability of a driven anharmonic



oscillator has been used as a bifurcation amplifier [29]. Many schemes have
been proposed to use the anharmonicity of the inductive coupling of a su-
perconducting qubit to the magnetic flux of a transmission-line to produce
squeezing [30, 31]. For optical frequencies the most common squeezing mech-
anism is parametric down conversion, or parametric driving. Here a nonlinear
crystal splits incoming photons into pairs of photons of lower energy. How-
ever, it is experimental difficult to generate photons of the same energy and
a nonlinear crystal creates strong dissipation [32]. A driven SQUID can be
used as an parametric oscillator in the GHz regime. Here all parameters are
easy to control and a large quality factor can be achieved.

The parametric oscillator and the single-atom maser are two examples for
quantum optical systems which can be build using superconducting circuits.
This offers us the possibility to think about fundamental effects and new
applications for quantum optics in the GHz regime. Of great interest are
the development of reliable sources of single and entangled photons [33], and
photon detectors.

About this thesis

Overview: The major topic of this work is the artificial-atom maser,
consisting of a SSET coupled to a transmission line. We will show how pop-
ulation inversion can be created in the SSET, this in turn can be used to
pump the transmission-line oscillator. For a quantitative analysis we will
use three different techniques. First we will start with a master equation
derived from a real-time diagrammatic expansion of the time evolution of
the density matrix. Then we will discuss the system using a phenomeno-
logical rate equation. In the end we will use a new technique based on the
polaron transformation, which allows us to describe the influence of noise in
a broad parameter range. In these three cases we keep the system in a regime
where it is similar to the quantum optical maser. However, it is also possible
to use the specific properties of the SSET to achieve new effects. We will
show how the gap structure of the superconducting density of states can be
used to create a strongly squeezed photon distribution in the transmission
line oscillator. Apart from the SSET-maser we discuss the parametric oscil-
lator, another system that has been studied in quantum optics, which can
be build using superconducting circuits. Tunneling between the dynamical
states of the parametric oscillator shows unique properties, which are a result
of oscillations of the wave function in the classically forbidden region.

Chapter 2: In this chapter we discuss the basic design of superconduct-
ing devices. There are two major energy scales, the charging energy and the
Joesphson energy. The properties of the devices depends on the dominance
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of one or the other energy. In the charging regime we get the SSET, while a
anharmonic oscillator can be build in the flux regime.

Chapter 3: In this work we study the effect of fluctuations on a quantum
system. We use specific quantum systems, but the techniques are generally
applicable. In chapter 3 we explain the real time diagrammatic expansion
and briefly contrast it with the phenomenological Lindblad form that is of-
ten used to describe the influence of fluctuations in quantum optics. Our
method is more rigorous and allows us to properly define the limits of our
approximations. We want to be able to treat noise in a broad frequency range
and we develop a diagramtic method that allows us to describe coupling of a
quantum system to low-frequency noise. Additionally we discuss a quantum
system that is coupled to several different noise sources. For fluctuations that
happen on a timescale much larger than the time evolution of the quantum
system, we can use a quasistatic approach that will also be introduced.

Chapter 4: Here we discuss the major system to be studied in this
work, the artificial single-atom maser, created by coupling a SSET to a
transmission-line. It has attracted a lot of interest because it is a flexi-
bly tunable maser. This system can be build in the strong coupling limit
and allows us to study the fundamental properties of a single-atom maser.
We first analyze it in the strong coupling regime where the properties of the
system are described by a dressed state approach. Here we use the real-time
diagrammatic technique to calculate the rates in a quantitatively correct way.
Then we study the system in the weak coupling regime, where a Lindblad
approach is more appropriate. We quantify the approximations that are nec-
essary to bring the equations of motion into Lindblad form. In the end we
study the system in the presence of low-frequency noise, and apply the new
techniques developed in chapter 3.

Chapter 5: In chapter five we will discuss photon-number squeezing,
which means the production of non-classical light. We propose a method
for the SSET-maser that uses the specific properties of the superconducting
density of states to produce a strongly squeezed distribution in an oscillator.

Chapter 6: Effects of fundamental interest can be experimentally stud-
ied in superconducting devices. In chapter 6 we discuss such an effect in the
parametric nonlinear oscillator. This system can be produced by periodic
driving of a SQUID. Here it should be possible to observe dynamical tunnel-
ing, which means tunneling between dynamic eigenstates of a driven system.
We show that the dynamical tunneling between the classically stable states
of a parametric oscillator has interesting properties, that are fundamentally
different from the well known tunneling through a potential barrier.

Chapter 7: We conclude this thesis with a short summary of the results
and an outlook towards further possible studies.



Chapter 2

Mesoscopic Devices

In the last decade, microfabrication techniques have advanced at a rapid pace.
Today it is possible to build nanostructures with extremely high precision. As
the size of electrical circuits decreases, the importance of quantum mechanical
effects increases. For example, single-electron charging devices are based on
the quantization of charge [34, 35]. A small electrode, called the island,
is coupled via tunnel junctions to leads. Each electron on the island will
increase the island energy by e?/C, where C' is the capacitance of the tunnel
junctions. This energy is called charging energy. For very small capacitances,
this energy difference will be significant and a Coulomb gap arises [36, 37],
which can be exploited to transfer single charges from one island to another
in a controlled way [38, 39], or to control a current by means of a single charge
on a gate [40]. Today single-charge devices are used in many applications
like high-precision measurements [41] and metrology [42].

Another quantum effect that has created a large interest in the field of
nanoelectronics is the Josephson effect. The coherent tunneling of Cooper-
pairs though a tunnel junction, called Josephson junction, connecting two
superconducting leads is the only nonlinear, nondissipative effect known in
electrodynamics. A widely used application based on the Josephson effect
is the superconducting quantum interferometer (SQUID) [13], which can be
used as a magnetometer. There has also been intense research aimed at
developing superconducting digital electronics [43, 44]. Josephson junction
based quantum computers have been proposed [14], and there has been a
steady development towards their experimental realization [11, 15, 17].

In this chapter we will discuss circuits that employ single-electron tunnel-
ing and the Josephson effect to achieve unique functionalities. A very simple
superconducting device is depicted in fig. 2.1. This is a charge qubit with
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Cs C.E

Figure 2.1: A Josephson charge qubit in its simplest design, formed by a super-
conducting single charge box. The gate voltage U is coupled to the island via
the capacitance Cg, the tunnel junction has the capacitance C' and the Josephson
coupling strength is given by E;.

the Hamiltonian,
H = Ec(N — Ng)? — Ejcos ¢, (2.1)

where E¢ = €2/2(C + Cg) is the charging energy scale of the island, Ng =
CcU is the gate charge, E; is the Josephson coupling strength and ¢ is the
conjugate variable of the island charge [NV, e¢] = €.

The Hamiltonian depends on two relevant energy scales, one is the charg-
ing energy F¢, the other one is the Josephson energy E;. These energies
determine the regime of our device. The charging regime Ex > E; will be
discussed in the next section. Here , the single-electron effects are domi-
nant. We will discuss the properties of the superconducting single-electron
transistor (SSET), which is a single-electron charging device that has inter-
esting features because of the additional Josephson coupling across the tunnel
junctions. This introduction will help us to understand the interaction of the
SSET with a radiation field, which will be analyzed in chapter 4 and chap-
ter 5. In the second section we discuss the flux regime E; > FEo where the
nonlinearity of the Josephson coupling will be of prime importance. Super-
conducting flux devices are similar to nonlinear oscillators. This can be of
great interest to study fundamental properties of quantum systems, which
we will do in chapter 6.

2.1 Charge Regime
In this section we will discuss the superconducting single-electron transistor

(SSET), which consists of a superconducting island connected via tunnel
junctions to superconducting leads (see fig. 2.2). The Hamiltonian is given
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by
1 - _
H = Eo(N — Ng)?* — éeVN —2E;cos pcos o, (2.2)

where V' is the transport voltage, U is the gate voltage, and the gate charge is
Ng = (Co—C4)V/2+4Cq U. We have two charge variables in our Hamiltonian,
N = N; — N, counts the charges on the island, while N/2 = (N; + N>)
counts the number of charges that have passed through the whole system.
We assume that the Josephson coupling across both junctions is given by E;.
Charge and phase have the standard relation

[N, e’ = ¢ | [N,e] = e (2.3)

The SSET is similar to the normal conducting single-electron transistor
(SET), however there are several new features in the I-V curve due to the
Josephson coupling across the junctions. This will be discussed in the next
section. In the second section we will discuss the effect of an external
impedance on the SSET.

2.1.1 The JQP Cycle

There are two possibilities for charge transfer in the SSET, coherent Cooper-
pair tunneling and incoherent quasiparticle tunneling. In this section we will
discuss the features in the I-V cureve of the SSET caused by these two effects.

In a normal conducting SET, a single charge can tunnel if an external
energy source, the transport voltage, compensates the energy change of the
island. In a superconducting system, we need additional energy to break a
Cooper-pair. Thus in the SSET we need the energy 2A + E¢ for a tunnel
event, where A is the size of the gap in the density of states of the super-
conductor. If the transport voltage becomes larger than 4A + E¢, there is
enough energy for quasiparticles to tunnel on and off the island and we have
a current that grows linearly with the voltage.

Coherent Cooper-pair tunneling plays an important role as long as charge
states that differ by one Cooper-pair are almost degenerate. The interessting
feature for the SSET is that current can flow in combinations of Cooper-
pair and quasiparticle tunneling for voltages smaller then 4A + FE¢. This
effect is known as Josephson Quasiparticle (JQP) cycle. A large amount of
theoretical studies of the JQP cycle have been performed [45, 46, 47] and
experimentally confirmed [48].

To tune the SSET to the JQP cycle, we create a resonance across one of
the junctions such that the energies of the charge states |N, N) and [N +
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Figure 2.2: The SSET consists of a superconducting island coupled via tunnel
junctions to superconducting leads. The left and the right junction have the ca-
pacitance C7 and Cy, respectively. We apply a transport voltage V' and the island
is coupled to the gate voltage U via the capacitance Cg. The transport voltage
determines the energy that drops across the island and the gate voltage adjusts the
energies on the island. If we bring two charge state differing by one Cooper-pair
into resonance and have a voltage drop larger 2A + E¢ across the island, a current
can flow. This is called the JQP cycle. At the DJQP cycle we create Cooper-pair
resonances across both junctions.

2, N +2) are equivalent. Across the other junction we choose a voltage drop
larger than twice the gap plus the charging energy, eV > 2A + E-. We can
do this because we apply two independent voltages, as shown in fig. 2.2. The
transport voltage V' gives us the voltage drop across the whole island, and
the gate voltage U can be used to adjust the energies on the island.
Without the Josephson coupling the energy of the island is given by

1 _
Exx = Ec(N — Ng)* — F¢VN. (2.4)

We can create Cooper-pair resonance across the right or left junction. As an
example we will discuss the resonance condition for the charges N = 0,2,

EO,N = EQ,N+2 s
Ez,N = EO,N+2 .

With an overall voltage drop from left to right, the first condition means
that the the left junction is at resonance, the second condition puts the right
junction at resonance. We can solve these equations and get
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A diagram where we can see the values for the gate and transport voltage
that allow the JQP cycle can be seen in fig. 2.2.

For a small energy gap A there can be an additional charge transport
cycle. It is called double-JQP (DJQP) cycle and refers to a situation where
we have Cooper-pair resonances across both junctions. The energy consider-
ations for the DJQP cycle can be written as

EN—1,N = EN—H.Nv (2-6)

EN,N = EN+2,]\7 . 2.

Those two equations, fully determine our two parameters V and U. Hence,
the DJQP peak is given by a point, not a line in the diagram shown in fig.
2.2.

2.1.2 Effect of an External Impedance

The SSET is a mesoscopic system which can generally not be considered
isolated from its electromagnetic environment. By applying external voltage,
we automatically couple the system to the electromagnetic fluctuations in the
leads to the tunnel junctions. The fluctuations are characterized by a spectral
function J(w) which in turn is given by the effective impedance seen from
the quantum system Z;(w),

J(w) = 2wReZ,(w). (2.8)

An extensive discussion of the effects of an external impedance on a SET can
be found in Ref. [49]. We will now summarize the results for the effective
impedance obtained from a lumped circuit model of a very general circuit
[50].

In fig. 2.3 we see a SSET where we have added an impedance at every
voltage sources and additionally we consider two stray capacitances, coupling
the gate voltage to the leads. The effective impedance as seen by the our
quantum system can be calculated using standard network theory. For the
case shown if fig. 2.3 it is given by

1

Iy = —— 2.9
e+ Y (2.9)

with the total capacitance

Cx [(Cy + 051)02 + C1C51(Cy + Cyo)]

C =
C2(Cq + Cy) + C2C ’

(2.10)
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C G

Figure 2.3: The SSET with an impedance added at every voltage source. Ad-
ditionally we added two stray capacitances that connect the gate charge to the
leads.

where C?% = Cy,Cq + CyVio + CaCly. The effective admittance is given by
@ Y1 + Zwa

Y = 7=
Y1 Yz + wWwyy

(2.11)

with the coefficients

y1 = (Co+ Co)C; + C5C4 (2.12)
yo = C2C% 71 + C2Zy + (C? + CyC1)* 2

ys = (Co + Cg)*Z + C32,CE: 74

Ya = (2122 + Z1Zg + ZaZg) -

It should be noted that the overall structure of the effective impedance is
actually rather simple. If all impedances are ohmic and independent of the
concrete relation of different impedances and capacitances, the overall shape
is given by a maximum for zero frequency and a decay with larger frequen-
cies. Only the addition of a inductance can give additional peaks for certain
resonance frequencies.

This shows that we can describe the basic physics of a system coupled to
the electromagnetic environment by a much simpler configuration. We set

Csl == 032 = 07 (213)
Z1=2J5=0.
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Figure 2.4: A dc-SQUID consists of two tunnel junctions included in a supercon-
ducting loop. We apply a magnetic flux ¢ and a bias current I.

This simplifies the effective impedance to

1

Iy = ————— 2.14
YT wC + Z (2.14)

with a normalized impedance Z = (C5/Cx)*Zg, and the normalized capac-
itance C' = (Cx/Cq)(Cy + Cs). Our external circuit can contain an ohmic
resistor R and an inductance L. This yields

R
(w/wg)? + (1 = (w/wr)?)”

where wr = 1/RC and wy, = 1/(LC)?. This is the model we will use in this
work to describe the effect of an external impedance.

ReZi(w) =

(2.15)

2.2 Flux Regime

In this section we will discuss superconducting devices in the flux regime,
E; > E¢. For small charging energy the charge states are not well separated
anymore. Instead the system behaves similar to an anharmonic oscillator.
The specific design we want to look at in this section is the de-SQUID (see
fig. 2.4). The Hamiltonian is given by

H:EcNQ—QEJCOS(gbe/Q)(l—COS¢)+%, (2.16)
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where E¢ is the charging energy, ¢. is an external magnetic flux and E;
is the Josephson coupling strength, which we assumed to be equal for both
junctions. The phase ¢ and the charge N are the conjugate variables of our
system with the standard commutation relation. For E; > Fc and [ =0
we can assume that we have eigenstates that are well localized at the bottom
of the minima of cos ¢. Expanding around one of the minima yields

H = E¢N? + Ejcos (¢e/2) ¢ — % cos (¢e/2) ¢* . (2.17)

We can redefine our variables charge and phase as momentum and coordinate,
respectively. This gives us

H= 05+ eos(00/2) @+ pyeos (6/2)a' . (219)
where we defined p = V2EcN and ¢ = ¢/v/2FEc. We see that our system
takes the form of an anharmonic oscillator, with frequency w = 4EcFE;
and anharmonicity ¥ = —FE;E?%/3. This allows us to study the properties of
an anharmonic oscillator in well controlled quantum system.

A specific problem that has attracted a significant amount of interest in
the classical regime is the parametrically driven oscillator [51]. The same
problem system has been extensively studied in quantum optics as well
(32, 52, 53, 54], but it is difficult to actually produce parametric driving for
optical frequencies. This problem can be solved by using superconducting
devices. Here is is possible to produce a well controlled parametric oscillator
in the quantum regime. A small oscillatory variation of the phase ¢, in the
Hamiltonian 2.18 yields

1 1 1
H= §p2 + 5@02 cos(m 4 F cos(wrt))q® + il cos(7 + F cos(wrt))g*. (2.19)

We expand for small driving amplitude,

H= %pQ + %(wZ + F cos(wrt))q® + iyq‘l, (2.20)
where we have assumed that the driving frequency wp is close to twice the
eigenfrequency w of the oscillator and performed a rotating wave approxi-
mation. This is a Hamiltonian of a parametrically driven oscillator. The
driving varies the frequency of the oscillator in time. Driven close to twice
the eigenfrequency it is a bistable system. The oscillator has two stable os-
cillatory states, that are equivalent but shifted in phase by w. This creates
an interesting bistability which we will study in section 6.



Chapter 3

The Master Equation

In this work we study systems at the cross road of single charge nanostruc-
tures and quantum optics. Therefore we have to describe quantum systems
with a small number of degrees of freedom coupled to another system contain-
ing a macroscopic number of degrees of freedom. This describes for example
a quantum dot coupled via a tunnel junction to a lead or an atom coupled
to phonons. We will call the system containing a macroscopic number of
degrees of freedom the reservoir. The quantum system can absorb and emit
energy from and to the many degrees of freedom of the reservoir. Quan-
tum system and reservoir together will be called the complete system. The
reservoir causes fluctuations in the variables of the quantum system, which
we will describe as noise. It can be characterized by a spectral density that
gives us a distribution of fluctuation frequencies,

pN?

S(w) = T (3.1)
where 1 is the strength of our coupling to the reservoir, and 1/ is the decay
time of reservoir correlations.

We use an approach where we derive an effective equation of motion for
the density matrix of the quantum system from a microscopic description
of the complete system. We call this equation the master equation. Our
derivation is based on a diagrammatic expansion of the time evolution of the
density matrix which is the standard approach for single charge devices. If we
have a broad and smooth spectral density, u < A, the effect of the reservoir
can be described by an average transition rate I',_.,, between the states |n)
and |m) of the quantum system [55, 56]. In the opposite limit, noise that is
much slower than the time evolution of the quantum system, u > A, creates
an adiabatic change in the fluctuating variable. The intermediate regime
between these two cases is a noise frequency distribution that is peaked for

17
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small frequencies but still has a significant width. We will show in section
3.2.6 how standard methods fail in the description of the intermediate regime.
Then we propose a different approach in section 3.3 that allows us to describe
noise for a wide range of parameters.

In quantum optics, a phenomenological rate equation is often used. Such
an equation is called Lindblad master equation. The Lindblad form preserves
all physical proberties of the density matrix. A derivation based on a micro-
scopic model recovers the Lindblad form for a flat spectral density, u < A,
but there are also other possibilities to get a Lindblad equation from first
principles. We will briefly discuss the Lindblad form and its relation to the
microscopic description in this chapter. In chapter 4 we will discuss the dif-
ferent methods in more detail for a single-charge device, the superconducting
single-electron transistor (SSET) coupled to a transmission-line oscillator.

We can describe all properties of a system with a density matrix. For
our systems we will always use the reduced density matrix p = Trgrp, where
o describes the complete system and the trace is taken over the degrees of
freedom of the reservoir. The time evolution of the full density matrix is
given by

¢ = —ilHr, g, (3.2)

where Hr is the Hamiltonian of the total system, and can be written as
Hy = Hg+ He + Hpg. (3.3)

The three parts of this Hamiltonian are the Hamiltonian of the quantum
system Hg, the coupling of the system to the reservoir He and the Hamil-
tonian of the reservoir Hg. For all further purposes we will use this kind of
Hamiltonian.

In the next section we will introduce the basic tools needed to understand
the derivation of the effective equation of motion for the reduced density
matrix. Then we will discuss in more detail the explicit derivation for the
coupling of a quantum system to a bosonic and fermionic reservoir. We will
also show the limits of the expansion in the coupling Hamiltonian Hs. This
limit can be overcome through the polaron transformation, which will be
discussed in section 3.3. After that we will look at the impact of having
several different reservoirs coupled to a quantum system. For very slow
fluctuations a quasistationary approximation has to be used. This will be
discused in the last section of this chapter.
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3.1 Basic Elements

We will now discuss how to derive an effective equation of motion for the
reduced density matrix. We will start with a discussion of the Lindblad form,
or the Lindblad operator [57], which is the form of the effective equation of
motion in the dispersive limit that preserves all properties of the density
matrix.

Then we will discuss an approach where we expand the time evolution of
the density matrix in the lowest nonzero order. The derivation of the master
equation will follow the approach outlined by H. J. Carmichael [58]. In the
third subsection we will discuss a different approach to derive the master
equation. We use a diagrammatic description of the time evolution of the
reduced density matrix [55]. This method gives us the possibility to estimate
the convergence of our expansion.

3.1.1 Lindblad Equation

In our work we always derive an effective equation of motion for the density
matrix as an expansion of the time evolution of the total system. However,
there is also another way to derive the basic form of the master equation,
simply by considering the properties of the density matrix.

In quantum mechanics, the Lindblad equation or master equation in the
Lindblad form is the most general type of Markovian master equation, de-
scribing non-unitary (dissipative) evolution of the density matrix p that is
trace preserving and completely positive for any initial condition. Marko-
vian means that the reservoir relaxes on a time scale much faster than the
time evolution of the reduced density matrix. Non-Markovian processes can
produce Markovian master equations, but they will only preserve positivity
(and not complete positivity) and thus they will not be of Lindblad form
[59]. Complete positivity allows us to mix and match Lindblad terms and
system Hamiltonians without breaking positivity.

The Lindblad form master equation is given by

p= =il Hol + > 2 [2Q10Qu — QuQlp = pQuQl] . (34)

where @), are operators acting on the quantum system. It is not strictly
necessary for a master equation to have Lindblad form. A derivation of the
master equation based on first principles can break positivity, but these are
due to approximations. Therefore the errors in positivity should not be larger
than the neglected terms in the derivation. We will show an explicit example
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later where we can see the limits of the derivation of the master equation
from first principles.

3.1.2 Standard Derivation of the Master Equation

In this section we will derive the master equation by expanding the time
evolution of the total system up to second order in system-reservoir coupling.
The approach we use here is used in most derivations commonly found in the
literature. However, as we will discuss throughout this section, it lacks a
mechanism to control for the convergence of our expansion. That is why
we will introduce a diagrammatic expansion of the time evolution in section
3.1.3. The diagrammatic technique gives us the possibility to estimate the
size of higher order contributions.

We assume that the coupling between the system and the reservoir is
weak. This means in the time evolution we have rapid motion generated by
Hgy and Hp and slow motion generated by the interaction He. To study
the effects of the coupling it is necessary to separate the effects of the rapid
motion and the slow motion by transforming eq. (3.2) into the interaction
picture. In the interaction picture the equation of motion has the form

or(t) = —i[He (), er(1)] (3.5)
or(t) = Ug(t)oUs(t) . He,(t) = U§(t)HeUy(t).

The time evolution Uy(t) is defined as
Uo(t) = Ug(t)Ur(t) , (3.6)

where Ug(t) = e'He! is the time evolution operator of the quantum system
and Ug(t) = €7 is the time evolution operator of the reservoir. We now
integrate eq. (3.5) formally to give

or(t) = o(0) — i / 0 [He (), or(t')] (3.7)

and substitute the result p;(¢) inside the commutator in (3.5):

or = —i[He (1), 0(0)] — /0 dt'[He, (1), [Hea(t), oM. (3.8)

Here we have simply cast eq. (3.3) into a form which will help us identify
reasonable approximations, but so far it is still exact.

We can assume that at some initial time ¢ = 0, no correlations exist
between the quantum system and the reservoir. But over time, correlations
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will develop due to the coupling. This coupling H¢ is the small parameter in
our expansion and therefore it is reasonable to expand the complete density
matrix in orders of Hs. We can write the complete density matrix as

or(t) = pr(t)Ro + O(Hc) (3.9)

where Ry is the reservoir density operator at ¢ = 0. This approximation
corresponds to the fact that we have a macroscopic reservoir that is essen-
tially not influenced by the quantum system and therefore stays in its initial
distribution. Whereas the influence of the reservoir on the quantum system
can be very significant.

We see that approximation (3.9) is difficult to quantify exactly. In prin-
ciple one would have to expand the time evolution of g; again in Ho to be
able to analyze higher orders in our expansion correctly. This is a prob-
lem we are going to solve in section 3.1.3 by using the real-time diagramtic
method, which allows us to efficiently keep track of all the components of
our expansion.

We simplify eq. (3.5) using the approximation (3.9) and trace over the
reservoir. This gives us

prt) = — / 0T g He 1 (8), [Her (1), pr () Rl (3.10)

where we have assumed that the reservoir operators coupling to the quantum
system have zero mean value in the initial state Ry, which means that

TI'R[HC,[@f),RQ] =0. (311)

In eq. (3.10) we see that the future evolution of p;(t) depends on its past
history trough the integration over p;(t'). Now we will discuss in greater
detail under which condition we can make the Markovian assumption, that
means replacing p;(t') by pr(t) in the integral. To do so it is necessary to
be more specific about the form of the coupling Hamiltonian. We chose the
form

Ho=> QiR (3.12)

where (); are operators acting in the Hilbert space of the quantum system
and R; are operators acting in the Hilbert space of the reservoir. In the
interaction picture this Hamiltonian takes the form

He () = Z UL (1)QiUg () UL(t) RiUR(t) (3.13)

- Z Qir(t)Rir(t) .
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It is straightforward to calculate an explicit expression for eq. (3.10) by using
this Hamiltonian,

p=- Z/O dt' ([Qi1(t)Q;1 () pr(t') — Q;r(t)pr(t) Qi ()| (Ri ()R 1(t)) R

+ [pr () Q5.0 () Qis () — Qir () pr (1) Q5 ()[R () Ris (1)) ) (3.14)

where (R; ()R ;(t))r = TrrRoR;(t')R; (t) is the correlator of the op-
erators R;(t') and R;;(t). The Markov approximation is valid as long as
the correlators in the integral decay very rapidly on the timescale on which
pr(t') varies. This timescale will be determined by the end result of the mas-
ter equation. Then it is possible to retroactively check our assumptions for
self consistency.

To find an accessible result for the master equation, we now assume that
the Markovian condition is fullfilled and transform eq. (3.14) from the inter-
action picture into the Schrodinger picture:

p=—ilHo,p (3.15)

¢
_ Z/ dt’ ([Qie—’iHQ(t—t/)Qje—iHQ(t/—t)p — emHat=t) () =o' =0 41O (¢, 1)
ij 0

+ [peiHelt=t)Q emilalt =0, _ ,pe=iHalt=t)Q c~Ha! =)0 (¢! t)) ’

where C; ;(t,') = (R; 1(t')R; 1(t)) g is the correlator of the reservoir operators.
If the reservoir Hamiltonian is not explicitly time dependent, we can assume
that the correlator is only a function of the time difference C; ;(¢,t') = C; ;(t—
t'). For uncorrelated bath fluctuations, the correlator takes the form C; ;(t) o<
a(t).

In section 3.2 we will discuss the case where the coupling to the reservoir
has the property Cj; o< 4,5, where R; = RlT and Q; = Qj This yields

p=—ilHg,p (3.16)

t
_ Z/ dt’ <[Qi€f¢HQ(t7t/)Qgefm@(tut)p _ efiHQ(tft’)Q;refiHQ(t’ft)in]Cz(t —t)
+ [pe—iHQ(t—t’)Q;fe—iHQ(t’_t)Qi _ Qipe—iHQ(t—t/)Q;fe—iHQ(t’_t)]C;r(t/ _ t)) T he.,

where Ci(t —t') = (R , ()R (1)) &.
The spectral density of our reservoir is given by the Fourier transform of
the correlator.

w@:/mﬁ@@Wﬂ (3.17)

—00
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For uncorrelated noise the spectral density will be perfectly flat and eq. (3.16)
will be of Lindblad form. If the noise is long correlated, the correlator will
become a time independent constant. In this case, the approximation made in
eq. (3.9) will break down. As we have noted before, the approximation given
by eq. (3.9) is not well defined and it is difficult to clearly establish that it
is valid. This is the reason why we will introduce a diagrammatic expansion
of the time evolution in orders of the coupling to the reservoir. This will
allow us to clearly specify higher order terms and check the convergence of
the expansion.

3.1.3 Expansion on Keldysh-Contour

In this section we show a diagramtic approach for the expansion of the time
evolution of the density matrix. Our total Hamiltonian Hyp is divided into
three parts. The quantum system Hg, the reservoir Hyr and the coupling
between quantum system and reservoir which is contained in the Hamiltonian
He. Tt is our goal to derive an equation of motion for a reduced density matrix
for the quantum system where we trace out the degrees of freedom of the
reservoir. We start with the equation of motion of the average value of an
operator A,

(A(t)) = Tr[o(to)Ur(to, t) AU (t, t0)] , (3.18)

where the trace is taken over all states (including the states of the quantum
system) and Ur(t,to) is the time evolution operator for the Hamiltonian Hr,
from time ¢y to t. The density matrix o(to) is the density matrix of the total
system.

We assume that the coupling between heat bath and reservoir is weak,
so it makes sense to transform the whole equation of motion into the fast
oscillating frame given by the quantum system Hg and the reservoir Hp.
We define an operator in the resulting interaction picture as Aj(t,ty) =
Up(to, t)AUy(t,to) where Uy is defined by eq. (3.6). This transforms the
equation of motion to

(A(1)) = Tr [o(to)Ur(to, t)Us(t, to) AUs(to, ) Ur(t, to)] (3.19)

where it is straightforward to show that the time evolution given by U;(t, ty) =
Up(to, t)Ur(t, to) can be written as

Us(t t) = Tt by Hoa®at' .
Ur(to,t) = Tt Jig Hoa(t)dt ’
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Figure 3.1: The expansion of the time evolution in diagrammatic representation
on the Keldysh contour. Each Hamiltonian H¢ is represented by a vertex. The
cross at time ¢ represents the projection operator p.

where T (T') denote the (anti-)chronological time ordering operator and we
assumed ¢ > ty. We now choose the operator A in eq. (3.19) as p,y = |9)(¢'],
so we get

Pag (1) = Y pag (to){(@l T [prUs (to, O)pgq1()Us (. 10)] 1) - (3.21)

aq’

This equation essentially gives us the time evolution of the matrix elements
pgg from ty to the matrix element p,, at the time ¢. Expanding the time
evolution operators yields

o t t]
Pag (1) = quq,(to)@wm Z(—z’)’”/ dtg/ dty . .. (3.22)
3q m=0 to to

tm—1
[ i (Hea 8 Heal®) . et a(0) 1),
t

0

where T represents the time sorting along the Keldysh contour, as shown
in fig. 3.1. The Keldysh contour has two branches. The upper branch
represents the time evolution from ty to ¢, and the lower branch represents
the opposite direction. In our case the time ¢ is determined by the projection
operator p. All operators to the left of p will be on the upper branch, all
operators to the right will be on the lower branch. We can symbolically write
the expansion of the time evolution as

p(t) = plto)TI(to, ) (3.23)

where I1(tg,t) is the time evolution superoperator.
Each of the vertices along the curve in fig. 3.1 represents a Hamiltonian
H¢, and the lines between the dots represents the free time evolution of the
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o

t, t, t

Figure 3.2: A third order diagram. The dots correspond to an operator pair Q;,R;.
This diagram has been projected onto a base of eigenstates |¢;) of the quantum
system.

quantum system Ug. We specify the coupling Hamiltonian in the same way
we did it in section 3.1.2,

He =S QiR;. (3.24)

It should be noted that we can flexibly choose what the vertices along the
Keldysh contour can represent. For a Hamiltonian consisting of a sum of
operators, it is reasonable to specify for each vertex along the the Keldysh
contour which operator it represents. This corresponds to an expansion of
the contour we have drawn in fig. 3.1 into the components of the coupling
Hamiltonian.

In fig. 3.2 we show a third order diagram where we labled the vertices
in such a way that it is clear to which operator of Ho they refer. Addi-
tionally we projected the whole diagram onto a base of eigenstates of the
quantum system |g;), signified by the letters along the lines. So the three
dots give us the matrix element (g|Q;|q1)(¢1|Qklg2)(g3|Q;]¢’) and the correla-
tor (R;(t1)Ri(ts3)R;(t2)). The time evolution along the lines of the Keldysh
contour is given by

7iEq€7iEq1 (tgftl) 7iEq2 (tftg) eiEqS (tftg)

e e eBa (t2=t0) (3.25)

This is a specific example for the three components expressed by a Keldysh
contour diagram (Matrix element, correlator, time evolution) which give us
the integrand in eq. (3.22).

3.2 Bosonic and Fermionic Reservoirs

In this section we will discuss the derivation of a master equation for a
quantum system coupled to a bosonic or fermionic reservoir. We will use the



26 Chapter 3. The Master Equation

expansion of the equation of motion of the density matrix on the Keldysh
contour, which we described in section 3.1.3. Throughout this section we will
always assume that only one reservoir is coupled. However, the theory we
show here works for coupling to several reservoirs as well. The only difference
is that in the diagrammatic expansion on the Keldysh contour one has to use
an index to show which vertex belongs to which reservoir.

We will discuss the Hamiltonian of our total system in the first subsection.
Then we will show a method that will allow us to add certain diagrams to
infinite order and derive the final master equation. In the third subsection
we will discuss the form of the master equation in the Markov and in the
stationary limit. A summary of the rules for the calculation of a diagram
will be given in the forth subsection. After that we will explicitly calculate
the rates for bosonic and fermionic coupling in second order. In the last
subsection we will give an example for diverging higher order terms. For this
example we can also find a parameter range where we get a Lindblad form
master equation.

3.2.1 Model Hamiltonian

In this section we will discuss the coupling of a quantum system to a bosonic
and fermionic reservoir. Our total Hamiltonian is given by

Hy :HQ—FHC,b/f—FHR,b/f, (326)

where we distinguish between the bosonic and fermionic reservoir through
the indices b and f, respectively.
The bosonic coupling and reservoir Hamiltonians are given by

Hey= @y Y TP(b] +1b;), (3.27)

Hpy =Y wiblb;,

where b; is the annihilation operator of a mode with the frequency w; and
@Dy is an operator acting on the quantum system. A physical realization of
this kind of Hamiltonian would be fluctuations in the gate charge of a charge
qubit [50]. In this case the coupling operator would be the charge counter
Qp = N (see section 2.1).

The fermionic coupling and reservoir Hamiltonian is given by

Heyp = Z jlfk(czl CL,2Qf + CIJCk,zQ}) ) (3.28)

i,k
_ t
Hpy= E E €i1/2C) 1 9Ci1/2 -
12
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P(t)=p(t,)>

Figure 3.3: Expansion diagrams for bosonic or fermionic coupling operators. The
operators are sorted in pairs of annihilation and creation operators. The line
connecting two vertices show that these two operators form a correlator. The
arrow points from annihilation to creation operator. Each line connecting two
vertices is called a contraction.

More specifically this Hamiltonian describes two fermionic reservoirs that can
exchange particles. Here ¢;; (¢;2) is the annihilation operator of reservoir
1 (reservoir 2). The relevant physical model for this kind of coupling is
tunneling through a tunnel junction. The operator () acts on the quantum
system. For a junction this would correspond to the charge transfer operator
Q = e"‘b.

We use the same techniques used in section 3.1.3 and expand the equation
of motion for the density matrix in orders of the elements of the coupling
Hamiltonian Heyp/p. Similar to the diagram shown in fig. 3.2, we get di-
agrams representing higher order correlators of the bosonic and fermionic
annihilation and creation operators. We use the Wick theorem to expand
the correlators, such that in the end only pairwise correlators of the form
(b()bI (), (bl (t)b;(t')) remain. The resulting diagrammatic expansion of
the time evolution can be seen in fig. 3.3. All correlators consisting only of
annihilation or creation operators will become zero. Each pairwise correla-
tor will be called contraction and is represented by an arrow connecting two
vertices. The arrow points from annihilation to creation operator.

3.2.2 Dyson Equation

We now take a closer look at the diagrams contained in the time evolution
superoperator I1(tg,t). As shown in fig. 3.4, there are certain diagrams where
the contractions are only connected by free time evolution. This means that
the lines connecting the two operators cross at no point. An example for
this is the diagram shown in fig. 3.4b). We will call this type of diagram
separable. In contrast to that any line drawn vertically through the diagram
in fig. 3.4a) will cross a contraction. This type of diagram will be called
inseparable.

We define the selfenergy as the sum of all all inseparable diagrams. What
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this means in diagramtic language can be seen in fig. 3.5. Here we see exam-
ples for inseparable second, 4th and 6th order diagrams. The selfenergy is
a good way to efficiently show all diagrams contained in the time evolution
[I(tg,t). Every diagram in the time evolution is either separable or insepa-
rable, therefore we can expand the time evolution in terms of the selfenergy,
where the different parts of the selfenergy are connected by free time evolu-
tion. The graphical representation of the expansion can be seen in fig. 3.6.
In exactly the way shown in fig. 3.6, we can rewrite the time evolution in
the following way

p(tQ)H(tQ, )— p(tQ)HO to, / dt1/ dtgp tQ)H(tQ,tg)Z(tQ,tl)Ho(tl,tQ)

p(to HO to, / dt1/ dtgp t2 tg,tl)Ho(tl,tQ) (329)
The free time evolution II(¢, ) is given by

p(to)lo(to, 1) = Uq(to, 1)p(to)Ug(t, to) - (3.30)

We can project the free time evolution on the base of the quantum system. In
that case the free time evolution of the matrix element pzz (¢y) to the matrix
element p,y (1) is given by

Mo (to, t) = (alUq(to, 1)|a)(q1Uq(t, to)ld') = Gyqbqrqe ™ F 70 (3.31)

where E, is the energy of the state |¢). We now take the time derivative of
eq. (3.29). This give us

t
p0) = ~ilHo. pt)] + | dlp(E)S(E.0). (332
to
This is the final master equation. One should note that this equation is still
exact. The second order diagrams are the lowest non-zero contribution to the
selfenergy. If we keep only second order terms, eq. (3.32) will be equivalent
to the master equation we derived previously, given by eq. (3.15). However,
in contrast to the derivation of the master equation performed in section
3.1.2, we have now established a method to estimate the size of higher order
contributions. In section 3.2.6 we will discuss a specific case where we will
us the diagrammatic technique to analyze the convergence of our expansion.

3.2.3 Diagrammatic Rules

In fig. 3.1 we see the expansion of a general coupling Hamiltonian along the
Keldysh contour. For the specific cases chosen in this chapter, defined in eq.
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1
Figure 3.4: An example for a separable and an inseparable 4th Order diagram.
a) An inseparable diagram. No vertical line can be drawn between the leftmost
and rightmost vertex without crossing a contraction. b) A separable diagram.
The diagram has two parts that are only connected by free time evolution. We

can draw a vertical line between the leftmost and rightmost contraction without
crossing a contraction.

5 =\\+...+YE.+...+Y§‘E+_.

Figure 3.5: The selfenergy is the sum of all insperable diagrams.
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Figure 3.6: The time evolution II can be rewritten using the selfenergy 3.
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(3.27) and eq. (3.28), we can calculate the trace over the reservoir using the
Wick theorem. This means we contract our trace to pairs of annihilation and
creation operators (see fig. 3.3).

In our convention, a contraction for the tunnel junction (fermionic cou-
pling) gives the contribution

g () = QAN @IQHT) 3ITLPE, {(eonel O pern)(®) )
ik

(3.33)

where ¢,¢’ are the ingoing and outgoing state of the operator ()¢ and ¢,q’ are
the in and outgoing states of the operator Q} The arrow points into the
same direction as the arrow in the diagram. An example for such an element
is shown in fig. 3.7. The sign =+ is chosen in the following way: If ¢t > ¢’ we
get a +, for t < t’ we get —. This becomes relevant if we rewrite the sum
into an integral by introducing the density of states. This give us

1

() = W<q|Qf|q/><é|Q}|fi’> (3.34)

X |Tf\2/dw/dw’NL(w)NR(w’)fLifRTei(w“’/)(ttl).

Here we introduced the density of states in the left lead N, and the density of
states in the right lead Ng. For all systems we will assume that the coupling
Tlfk is energy independent, so we can write Tlfk = T/. However it should
be noted that any energy dependence can be taken into account within our
formalism. Furthermore we have f* = f, where f is the Fermi distribution
and f-=1-—f.

Similarly we get for bosonic coupling
Vo (1) = (A Qla) @Qul7) Y ITT (BB () ). (3.35)
ik
Again we can change the sum into an integral and get,
a8 = GQUDQINT 5 [ doNnt(e),  (330)

where N(w) is the density of states of the bosonic heat bath, coupling is
energy independent and

. +1
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Figure 3.7: A sixth order diagram where the contraction shown in black corre-
sponds to Y —gq (t1,12).

Additionally to these elements we get a free time evolution for each free
path along the Keldysh contour. We summarize the diagrammatic rules in
time space:

1. Each contraction running from vertex 1 to vertex 2 gives rise to
;cq/}:iqq/(tl,tg). + corresponds to t = t', ¢/q(¢'/q) are the incoming
(outgoing) states at each vertex. To each vertex we can attach at most
one contraction.

2. Each element of the Keldysh contour running from vertex 2 to vertex
1 gives rise to (q|Ug(t1,1t2)|q), where ¢ is the outgoing state at vertex
2 and ¢ is the incoming state at vertex 1.

3. The prefactor is given by (—1)*™"*¢ where a is the number of con-

tractions, b the number of vertices on the lower part of the Keldysh
contour, and ¢ the number of crossings of fermionic contractions.

3.2.4 Markov Approximation and the Stationary Limit

We can write the Master equation in the closed form

t
plt) = ~ilHo. p)] + | o)D), (3.38)
to
The result of the master equation depends on the history of the density
matrix through the integral over p(¢') in the second term on the right hand
side of this equation.

We can replace p(t') by p(t) in the integral in two cases. The first case
is the Markov approximation where we assume that the time scale of the
density matrix is much slower then the decay time of the selfenergy. The
second case is the stationary result, where we are only interested in the limit
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p = 0. In this section we will discuss both cases. To do so it is helpfull to
define a time independent transition rate,

t
Lgg—qq :/t Sag—aq (1) - (3.39)
0

For both cases, we assume that the selfenergy decays quickly on the relevant
time scales. Therefore we can choose ty) = —oo and ¢ = 0 in eq. (3.39).
Additionally we note that we can always write (¢, t) = X(¢' — t) as long as
the reservoir Hamiltonian is not explicitly time dependent.

Now we can define a criteria for the application of the Markov equation.
The selfenergy ¥(¢) has a characteristic decay time given by 7. The condition
for the application of the Markov approximation can be expressed as

qu*/*,qq/ <L 7. (340)

This is the case because the relevant time scale for the time evolution of p is
determined by the size of the rates in eq. (3.38).

If the reservoir is not explicitly time dependent, there is always a station-
ary result for equation 3.38. Stationary means that the density matrix has
become time independent, p = 0. In this case we can replace p(t') with the
stationary result p(0). Here we have chosen ty = —oc.

Both, the Markov approximation and the stationary limit allow us to
write the master equation as

pogr = —ilal[Ha, pla') + Y Tagr—aur Pac - (3.41)

qq’

For the stationary assumption, we should solve eq. 3.41 only for p,y = 0.
This is the type of master equation we will use for all further calculations in
this work. The Markov approximation is valid for the systems we study.

3.2.5 Second Order Results

In this section we will explicitly calculate the second order results for both,
fermionic and bosonic coupling. We assume that we have a density of states
which allows the Markov approximation, or alternatively that we are only
interested in the stationary results. The master equation is given by eq.
3.41. In fig. 3.8 we show the selfenergy in the second order approximation.
To calculate the transition rates we have to add up the contributions of all
second order diagrams.

In section 3.2.4 we have seen that the time dependency of each contraction
(see eq. (3.34), (3.36)) is of the form e ) where w = w (@ = w — W' )
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Figure 3.8: The selfenergy in the second order approximation. All second order
diagrams are shown.

in the bosonic (fermionic) case. The free time evolution adds another factor
of the form e2F(t=t) where the energy difference AE has to be determined
for each diagram individually. This means that the overall time dependence
of the selfenergy is of a rather simple form. In the Markov approximation or
in the stationary case we can choose t; — oo and ¢ = 0, therefore the time
integral reduces to

0
P
Tl AE=01 _ o5(AF — o) 4+ i—— 42
/ dt’ e 76 ®) +izE—= (3.42)

—00

where P indicates the Cauchy principle value. The delta function can be
used to to evaluate one of the integrals in eq.. 3.34 and 3.36. For a transition
between diagonal elements of the density matrix I'j,_. 45, there are always two
diagrams that correspond to opposite signs in the exponential function such
that for these transitions the imaginary part will disappear.

Figure 3.9: Two diagrams that correspond exactly to changing the sign of the time
integration.
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The final result in the fermionic case is given by
1 T )
D = 5 | Qe O +@;@ | (1(B) + 1(Bya) + i 11:(Bug) = L Eya)
dyq t .
- e 2:@ WQly + QL Q| (1) — iLi(B))

.
=S [Q4,QL + QL Ql] (1(Byn) — (B (3.43)

I(Bun) = [ 401 = F(@)] 7~ Bu) M)A — B

(Bun) = 7 //mm o (1~ ) f@) M) A,

(
Eun=Eu—En, QL = (aQ'l¢), Q' ," = (a|Q""g),

where (e2R)™! = |T/|?N(0)Ng(0) gives us the effective resistance of the
tunnel junction. Here we used the normalized density of states A7 g(w) =

NL,R<W>/NL,R(0)-
The bosonic rate is given by

1 — —
qu —qq 5@2/@/ gq [N:_(qu) + ijr(Eq’t?’) + Nr (eqi) + Nr (Eq’ti’) (3-44)

+ 1 (N (Eaq) = N (Bggr) + Ny (Egq) — Ni (Egq))]
@q§j[@ Lol [N (Ba) + N7 (Bgn) = (N (Egn) + N7 (Bq)]
- ééqéz [Qanmj} [N:_(Eq’n) + Nr_ (Eq/n) —1 (Nz‘+(Eq/n) + Nz’_(Eq’n))} )
NE(E) = s ¥ (£E)a* (£E),

N*(E) = Kb/dwEinV(w)ni,

where x? = |T%|N(0) is the effective coupling strength to the bosonic reser-
voir, and we used the normalized density of states A (w) = N(w)/N(0).

The rates simplify significantly if we can neglect the offdiagonal parts of
the density matrix. This is possible as long as the width of the spectrum of
the quantum system, defined by Hg, is much larger then the transition rates.
Under this condition the rates become

Toar = [Q Qly+ Q104 1(Eyg) (3.45)
Doimas = QoaQay [N (Egg) + N, (Egg)]
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where ¢ # ¢. From the properties of the diagrams we know that by changing
the vertex at time ¢ in the diagrams shown in fig. 3.8 from the upper to the
lower branch changes the sign of the result. But as long as the ingoing and
outgoing states for each vertex stay the same, this is the only change. From
this we obtain

Fﬂqﬂqq - Z F q9—4qq * (3-46)
a#q

This is a direct consequence of the preservation of probability. With eq. 3.46
we can write the master equation in the form of a balance equation

Paq(t) = Z (quﬂqqpqq quﬂqqpqq> : (3.47)

q

This equation has a very simple form and is much easier to solve then a
complete master equation involving all matrix elements. In section 4.2 and
chapter 5 we will be able to use the balance equation to describe our system.

3.2.6 Divergence of Higher Orders

The condition for convergence of the expansion on the Keldysh contour are
not immediately obvious. Generally one can say that the correlation time
7 of the noise should be much smaller then the coupling strength. In this
section we will discuss a specific case where we will see the divergence of
higher order diagrams.

One bosonic contraction gives us the contribution vsjiqq,(t,t’). If the
temperature is larger than the characteristic frequencies of the density of
states we can expand n* in orders of kgT. This is the classical regime
where we can express temperature, density of states and coupling strength
as one spectral density of the system xk°N(w)ii*(w) ~ S(w). In section 4.4 a
Lorentzian shaped spectral density will be of interest. Hence we choose

pN?
w2+ 227

S(w) = (3.48)

where p is the strength of our coupling to the reservoir, and A is the width
of the noise spectral density. We can now write the contribution (3.36) of a
contraction as

Yoz (1) = (gl Qulg) (@1 Qu|7) (3.49)

% _/de —tw(t—t")
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For our purposes it is better to transform the spectral density into time space.
We get the proportionality

Vou—aw (1) o ple Nt (3.50)

The correlator will decay on the timescale 1/\. This means we can estimate
the size of a second order diagram (one contraction) by u?/A. One should
note that the contribution of this diagram will be large only if it is evaluated
at energies which are within the range of A. In the same way we can estimate
a fourth order diagram as being proportional to u*/\3.

What we see here is that there are two possibilities for the expansion on
the Keldysh contour to converge. One is that the relevant energy differences
are larger then \. The other one is that the decay rate of the noise correlator
is larger than the coupling strength, ;1 < A. For the simple derivation of
the master equation we have shown in section 3.1.2 it would not be possi-
ble to establish these convergence criteria, because the approximations are
hidden in eq. 3.9. If we approach the regime where our expansion becomes
exact, i < A, the prefactor in the second order result (3.44) becomes energy
independent. In this case our master equation is of Lindblad form.

3.3 Polaron Transformation

In this section we will derive the master equation for a bosonic reservoir,
where we take the coupling to the reservoir into account to all orders. Instead
of expanding the time evolution in the coupling to the reservoir, we will
expand in a small parameter of the quantum system. This type of calculation
can be done for a large number of systems, but we will choose a rather specific
case, which is directly relevant to the broader subject of this work. In section
4.4 we will use this Ansatz to analyze the effects of low frequency noise.

We study a two state system with fluctuating energy splitting. The com-
plete Hamiltonian of this system is given by

Hr = Hg+ He + Hp, (3.51)
Hoy=AFEo, + go,,

He= 0. 3T (b +1]) |
HR = szbjbz

We use a pseudospin description such that the operators o; act on the eigen-
states of the system | 1), | |). The energy difference between the two states
is given by AFE and they are coupled with strength g.
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Figure 3.10: The expansion of the time evolution in diagrammatic representation
along the Keldysh contour. The operator o,aY T is represented by a white vertex
and the operator o_a'Y is represented by a black vertex. The cross at time ¢
represents the projection operator p.

We will be able to treat the coupling to the heat bath exactly by using
the polaron transformation

U, = exp (%a Zg (bj - b)) . (3.52)

This transformation removes the coupling H¢ from the total Hamiltonian and
generates an unimportant energy shift in the reservoir Hamiltonian. How-
ever, the coupling between reservoir and quantum system is now contained in
the coupling between the two states. Our transformed Hamiltonian is given

by

Hy =U,HyUl = Hg + He + Hg, (3.53)
HQ = AEO'Z y
He=g(0o3Y +0.Y),

where Y = exp (E Lpf — bz)) is the polaron operator. We cast the Hamil-

v wi
tonian into the form of a quantum system Hg, coupled by Hc to a reservoir
FIR.

It is our goal to derive an equation of motion for the reduced density
matrix of the quantum system where we trace out the degrees of freedom of
the reservoir. After proceding with the steps discussed in section 3.1.3, we
can write the time evolution of the density matrix in the form

© t tll m—1
pur (1) = 3 pag (1) (@ Tr 3 (—i)" / ! / it ... / i
37 m=0 to to

t/
to

Tk (Hea(t)Hea(ts) - - Hor(t,)bag. (1) 17 (3.54)
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where T represents the time sorting along the Keldysh contour, as shown
in fig. 3.10. Here the operator o aY ' is represented by a white vertex, and
the operator o_a'Y is represented by a black vertex.

To evaluate the trace over the reservoir states we have to calculate aver-
ages of the form (Y (#)Y1(t,)...Y (¢ )) with an arbitrary number of ¥ and
YT operators. For these type of operators we can not simply use the Wick
theorem. However we can use the Feynman disentangling method, which al-
lows us to derive a helpfull simplification for averages of products of operators
exp(¢n), where ¢,, is an arbitrary linear combination of bosonic annihilation
and creation operators. We get

(1% . etm) = M(Tra6n) V2 LT 9103] (3.55)

Using eq. (3.55) it is straightforward to show that averaging products over
the reservoir is only none-zero if there is the same number of Y and YT
operators. Therefore we only have to consider diagrams which correspond to
averages of the form

(TxII et e ) = A (On=0,))? o= s T [fn:60] (3.56)

X ezn>m Tk [d)’fhd)m} ezn/ >m/ Tk [(bn/v(bm/} )

where ¢, = >, Z(b(t,) — b(tn)). We group all e to the e~? closest to
each other on the real time axis,

(TxI,e? e %) = I, (Tge® e ) Hpsm (F(tn, th, tm, 1) +1) (3.57)
= Hn<TK6¢n€¢”l> + Hn <TK6¢n6¢"/>F(t2, tgl, tl, tll) e,

where we defined the function
Fty, ty, b, ty) = e/ TE@nt0n)(@mtém)) _ 1 (3.58)

such that it is possible to formally divide our diagrams into separable and in-
separable diagrams (see fig. 3.11). We will call the function F'(t,,, t,, tm, tmr)
connector, because it connects two pairwise correlators. Now we can use the
standard Dyson equation (see section 3.2.2) and sum up all the inseparable
diagrams into the selfenergy ¥(#',¢). Taking the time derivative of eq. 3.54
we get the standard master equation

p=—i[H, p| + /t t S, 4)p(t)dt (3.59)

where the selfenergy contains all inseparable diagrams of the polaron expan-
sion.
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Figure 3.11: The dots corresponding to the operators o, aY ' and o_a'Y are con-
nected in a way that allows us to distinguish separable from inseparable diagrams.
We connect the conjugate operators that are closest to each other on the real time
axes with wiggly lines. Each pair of connected vertices corresponds to the cor-
relator (Y (¢1)Y (t2)). Then we connect the wiggly lines with dashed lines. Each
dashed line stands for the connector F(ty,t,, tm, ty).

a) b) ®

Figure 3.12: Two inseparable diagrams of the 4th order. a) This diagram converges
in the same way as inseparable diagrams for the coupling to a bosonic or fermionic
reservoir. b) To estimate the size of this diagram we have to analyze the connector
F(tp,ty,tm, tm), which corresponds to the dashed line connecting the wiggly lines.
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To guarantee convergence of this series, it is necessary to estimate the
order of magnitude of higher order diagrams. For certain types of diagrams
(see fig. 3.12a)) the rules of convergence are equivalent to those established
in section 3.2. Therefore it is only necessary that the correlators (Y (£)Y(0))
decay fast enough to guarantee convergence. However, for the diagrams
shown in fig. 3.12b) it is necessary to analyze the connector F'(t,, tu, tym, tmr)
in more detail. This will be done for a specific type of noise in section 4.4.2.

3.4 Multiple Sources of Noise

In the previous section we discussed a two state system coupled to a bosonic
bath via a polaron operator. In this section we will discuss the same system,
however we will add a fermionic reservoir. The total Hamiltonian becomes

Hp = Hg+ He + Hg, (3.60)
FIQ = AEO’Z,
]:IC = Hg+HC7f,

H,=g (0+YT + cr_Y) ,

Hoyp=Y Tl(cinch,Qp +clica@h)
i,k
Hr=Hpy+ Hpy,

HR,b = Zwib;‘[bi )

Hpp=> Y e1jcl i
12

The operator Q7 acts on the quantum system, but we assume that it is
unaffected by the polaron transformation. As we have shown before, the
master equation can be derived using a standard real time diagrammatic
approach. We are interested in the time evolution of the reduced density
matrix p = Trgpe, where we take the trace of the reservoir degrees of freedom.

We want to consider a case where the transitions caused by the two Hamil-
tonians H, and H, (J; happen at vastly different timescales. The fermionic tran-
sitions shall be much faster than the polaron transitions between the states
| 1) and | |). Thus we have to consider the influence of the quasiparticle
tunneling on the polaron coupling between the two states of Hg in our cal-
culation. This can be done by summing up the appropriate diagrams in the
expansion of the time evolution of the density matrix. But we will choose a
more intuitive way. We start with a transformation of the total Hamiltonian
into the interaction picture with the unitary operator Uy(t, o). Exactly like
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we did in section 3.1.3, we use the index [ for operators in the interaction
picture. Then we transform our system a second time into an interaction
picture by using the unitary operator

; f N\ 4/
Up(t,to) = Te oo Tea )t (3.61)
Uf (to, t) = Tei ftto Hé’f(t/)dt/ ,

where T (T') denotes the (anti-)chronological time operator and we assumed
t > tyg. Operators in the second interaction picture are given by

Aj(t, to) - Uf(to,t)A[(t)Uf<t, to) . (362)
We can now write down the time evolution of the density matrix,

p(t) = Tr (olto)e' i "o (e~ fio Perar) (3.63)
= p<t0>H<t07 t) )

where I1(to, ) is the propagator acting on the reduced density matrix p and
describes the propagation of p from the time ¢y to t. The propagator can be
expanded in the style of a Dyson equation (see section 3.2.2) |

p(t) = plto)TV (to, 1) (3.64)
+/dt1/dtgp(to)l_[(to,tg)Z(tQ,tl)Hf(tl,t),

where X is the self-energy containing the sum of inseparable diagrams, and
I1/ is the propagator of the system containing quasiparticle tunneling. This is
the only essential difference to the derivation in section 3.2.2 in our approach
so far, where I/ would have to be replaced by the free evolution of the density
matrix described by the Hamiltonian Hy,.

The derivation of the master equation for fermionic coupling has been
discussed in section 3.2, so we know that we can expand the quasiparticle
propagator into a Dyson type equation as well. After taking the time deriva-
tive of the resulting equation, we arrive at

t

p(t) = —ilH, p] + / PtV (¢, 1)’

+ / p(tYZ(H, t)at' . (3.65)

This equation is actually still exact. All diagrams are contained in the self-
energies X/ (¢,t') and X(#,t), the only thing we essentially did is sorting all
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Z=

Figure 3.13: a) The selfenergy ¥/ contains all diagrams that contain only fermionic
contractions. b) The selfenergy ¥ contains the diagrams of the polaron operator,
with the time evolution of the fermionic system.

A
4

diagrams containing only fermionic contractions into an extra selfenergy. All
other diagrams are contained in X(t,t¢"). We can see the graphical represen-
tation of the selfenergies in fig. 3.13.

The difference in timescale for the relevant processes becomes relevant if
we try to actually evaluate the diagrams contained in Y (#',¢). If the processes
contained in ¥/ (#', ) are much faster then those containing polaron lines, we
are able to evaluate the master equation without X (¢';¢). This will enable
us to find an explicit solution for the time evolution II/(#y,¢), which in turn
can be used to evaluate X(t',¢). We will discuss an explicit case where this
is possible in section 4.4.

3.5 Quasistatic Noise

So far in this chapter we have treated noise sources that fluctuate on a time
scale faster then the time evolution of the quantum system. This allowed
us to average over the reservoir quantities and calculate an effective noise
strength that is seen by the quantum system. However, it is also possible
to treat noise in the opposite limit of very slow fluctuations. This is called
the quasistationary approach. Here we assume the fluctuating quantity to
be constant during the time evolution of the system, and then we average
our result in the stationary limit over this variable.

To give a clear example, we will consider a quantum system with a Hamil-
tonian Hg(G) that depends on the variable G. This variable is our slowly
fluctuating quantity. We can additionally couple our system to many addi-
tionally sources of noise. If we want to know the average value of an operator
O, we take the average of the operator for the stationary results for the quan-
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tum system at a constant value of G. This average will be a function of G,

(0) = (0)(@). (3.66)

Then we average over the variable G,
0= / dGP(G)(O)G) , (3.67)

where P(G) is the probability distribution of G.

One of the most well-known sources of quasistationary noise is the so
called 1/f noise. It is known that in many systems 1/f noise is related to
many fluctuators coupled to the quantum system. Thus for 1/ f noise, we can
assume that the quantity G is in itself a function of many random variables
that are determined by the slowly changing state of the fluctuators

G=> Gi. (3.68)

For such a kind of distribution the Central Limit Theorem is valid [60]. This
means we know that the probability distribution P(G) has a Gaussian form.
The results for an operator average is therefore given by

1
NZNe

where ' determines the noise strength.

O:

/ dGe= G (O)(G) (3.69)






Chapter 4

Artificial Single-Atom Maser

Absorption and emission of radiation by atoms has been studied for nearly a
century and has yielded a wealth of applications. The foundation was laid by
the concept of stimulated emission in a two level quantum system [61]. Early
on it was predicted that this effect could be used to amplify radiation and
produce a source of coherent electromagnetic waves [62]. Continuous output
was achieved by addressing a third quantum level in the atom. Optical
pumping of such multilevel systems can achieve population inversion, which
today is the main method of laser driving. In this context, the expression
population inversion refers to a system that is in an excited state with a higher
probability than in a low energy state. The first experimental realization of
stimulated emission was achieved in the regime of microwaves [63] and is
called maser.

Today the study of the interaction of radiation and mater still yields
many new and interesting results like lasing without population inversion
[64] and the single-atom (micro) maser [28]. But there are also new applica-
tions that have generated great interest in this field. Quantum computation
has brought forth many well controlled quantum systems. In the interaction
with radiation these quantum systems act like an artificial atom. The fact
that the parameters of this artificial atoms are either experimentally con-
trollable or can even be tuned independently, makes this a promising area
of research. New applications like ‘on-chip’ single photon sources [65], that
are necessary for quantum information processing [33], and microwave single
photon detection [22] might become possible.

In this chapter we will discuss a specific artificial atom coupled to a radia-
tion field. The physical realization of the radiation field can be a LC-circuit,
a transmission-line oscillator or a high frequency mechanical oscillator, and
the artificial atom is given by a superconducting single-electron transistor
(SSET). This system has attracted attention because it is a quantum elec-

45



46 Chapter 4. Artificial Single-Atom Maser
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Figure 4.1: The SSET is tuned such that the Cooper-pair tunnels in the left
junction with Josephson coupling E; and the quasi-particles tunnel in the right
junction with a rate o« V//eR. An oscillator with frequency w is capacitively coupled
to the SSET with coupling strength g. Photons in the oscillator decay with a rate
X K.

tronic realization of a three state micro maser [66] and it has been exper-
imentally realized [25]. We will focus our study on issues that are new to
quantum circuit electrodynamics (CQED). A part of this chapter will deal
mainly with a strong coupling limit that can be achieved for coupling be-
tween a transmission-line and a artificial atom. We will also discuss the
lasing properties in direct relation to the experimental tunable parameters
and additionally we analyze the effects of slow noise.

The SSET consists of two superconducting leads coupled by tunnel junc-
tions to a superconducting island (see fig.4.1). A gate voltage U shifts the
electrostatic energy of the island and controls, together with the transport
voltage V', the current through the device. The Josephson coupling FEj
of the junctions should be weak compared to the charging energy scale,
Ec = €*/2Cx, (Cs, is the total capacitance of the island), and the super-
conducting energy gap A. It leads to coherent Cooper pair tunneling, with
pronounced consequences when two charge states differing by one Cooper
pair are nearly degenerate. In addition, quasiparticles tunnel incoherently
(with rate o< V/eR) when the energy difference between initial and final
states is sufficient to create a quasiparticle excitation, i.e., when it exceeds
twice the gap (assumed equal for electrodes and island), |AE| > 2A. At the
threshold tunneling sets in with a sharp step. This system has been discussed
in detail in section 2.1. However, there we mainly focused on the coherent
part of the system. A description of the SSET needs to take into account
the coupling to macroscopic reservoirs. The effect of these reservoirs will be
described using the methods shown in chapter 3.

We tune the SSET close to the JQP cycle where current is transported
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by a combination of Cooper-pair and quasiparticle tunneling. As we have
discussed before, the SSET can be tuned such that resonant Cooper-pair
tunneling is possible either across the right or left junction (or across both
in the case of the DJQP-cycle, see section 2.1.1). In this chapter we con-
sider the case of strong Cooper-pair tunneling across the left junction and
quasiparticle tunneling across the right junction. This allows us to treat the
Josephson coupling E; and the quasiparticle coupling between island and
lead as independent variables.

In the first section we will introduce the Hamiltonian of the system, ex-
plain how lasing is achieved and introduce the quantities we will calculate.
We will then discuss three different approaches to analyzing an oscillator
driven by a SSET. First we will use the diagrammatic method described in
section 3.2 to derive our master equation. This is the approach most gener-
ally used to analyze single-electron devices and it allows us to analyze the
system in a quantitative precise way. The limits of the expansion on the
Keldysh contour for this approach have been discussed in section 3.2.6. In
the second section of this chapter we will use the standard approach known
from quantum optics. We can derive analytical solutions which are valid for
a large parameter range. In the last section, we will use the polaron transfor-
mation to analyze strong noise effects on the SSET-maser (see section 3.3 for
a discussion of the master equation). This enables us to overcome the limits
discussed in section 3.2.6 and allows us to treat a broad range of possible
noise spectra. We will discuss the charge noise stemming from coupling to
an impedance along the lines of P(FE)-theory (a detailed discussion of P(FE)
theory can be found in Ref. [49] ).

4.1 Basic Elements

In this section we will introduce the basic quantities needed to describe,
understand and analyze the SSET-maser. We will start with a discussion of
the complete Hamiltonian, then we will explain how to achieve population
inversion in the SSET. In the end we will discuss the physical quantities
which we will use throughout the chapter to analyze our system.

4.1.1 The Hamiltonian

We will now discuss the Hamiltonian of our system. In this discussion we will
separate our total Hamiltonian into several different parts. This will make it
easier to address the relevant parts of the system in later sections where we
perform transformations and approximations.
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The coherent part of the system is given by

Hg = Hsspr + H, + H,, (4.1)
Hgser = Ec(N — Ng)? — Ejcos (¢1) — eV Ng,,
Hy = g(N —1)(a+d),

H,=wda.

We use a simplified description of the SSET, given by Hgsgr, that takes al-
ready into account that we have Cooper-pair tunneling across the left junc-
tion and quasiparticle tunneling across the right junction. The charging en-
ergy of the island is given by E¢, which we assume to be of of the order of the
superconducting gap A. At the same time F¢ is larger than F;, and larger
than the temperature of the quasiparticles in the lead. Hence the number
of charge states accessible to the island is severely restricted. For all further
calculations we will restrict our analysis to the charge states N =0, 1,2. The
charges on the island are counted by N and Ng counts the charges tunnel-
ing through the right junction. The charge counter Nz needs to be taken
into account if we calculate the tunneling rates of quasiparticles across the
right junction. Each charge tunneling from the island to the right lead will
gain the energy eV. The island energy can be shifted by the gate charge
eNg = CrV + CgU. A more detailed discussion of the SSET can be found
in section 2.1. For our choice of parameters the current through the SSET
has a maximum for Ng = 1, because the charge states |V = 0) and |N = 2)
are exactly degenerate. This resonance is called the JQP-cycle (see section
2.1.1). It is convenient to define the gate charge as 0Ng = Ng — 1, because
0Ng directly defines how far away we are from the JQP-cycle. The coupling
of the two charge states by Josephson tunneling leads to the formation of the
states

| 1) = cos&|N =0) —sin&|N = 2), (4.2)
| |) =sin&|N = 0) 4+ cos&|N = 2),

where tan 26 = E;/40NgEc. These are eigenstates of the Hamiltonian Hg
with the energies E;; = <4EC<5NG + /16 EcONZ + E?,) /2. Because we

confine our system to three charge states, the state |[N = 1) is not coupled
by Cooper-pair tunneling to any other state, and is an eigenstate of Hssgr
with the energy F; = EcINZ.

The oscillator is described by the Hamiltonian H,, where a is the annihi-
lation operator of a photon. Its eigenstates are given by the photon number
states [n). These states are sometimes also called Fock states. As shown in
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fig. 4.1 we consider capacitive coupling between oscillator and SSET. There-
fore we have the island charge coupling to the oscillator displacement. This
is described by H,. Without loss of generality we have chosen the oscillator
to be at its equilibrium position for N = 1. The coupling term can lead
to transitions in the oscillator which either annihilate or create a photon.
Through the charge variable it couples transversely and longitudinally to the
SSET. We get an effective coupling between the states | 1) and | |),
_ 9gE;

g=9(TIN=1[1) =%,

where AE = E; — E| = \/16 EcONZ + E%. The coupling to the oscillator is
most effective if AE = w, because H, couples the degenerate states | T)|n)
and | |)|n + 1). Additionally the coupling to the SSET leads to an effective

shift of the point of origin of the oscillator depending on the state of the
SSET,

(4.3)

~ g0Ng

=gt IN—111) =2,

g{LIN=1]]) =—-3. (4.4)

We couple the quantum system to several macroscopic reservoirs. These
reservoirs describe quasiparticle tunneling, given by H,, fluctuations in the
gate charge, given by H), and linear dissipation in the oscillator, given by

H,.. The complete coupling Hamiltonian is given by

He=Hy+ Hy+ H, (4.5)
Hy, = Z Ti%cinp C;Re_i(bR/Q +h.c.,
ik

Hy=NY TX6 +0)),
Hy =" T (albf +abyh),

where b} (bf) is the annihilation operator for the mode 4 in the bosonic
reservoirs coupled to the oscillator (SSET) and ¢; p (¢; r), is an annihilation
operator for the quasiparticles on the dot (in the right lead).

In defining our coherent quantum system and the coupling to macroscopic
reservoirs we used definitions equivalent to those introduced in chapter 3.
Accordingly our total Hamiltonian is given by

Hr=Hg+ He + Hg, (4.6)

where Hp contains the reservoir Hamiltonians for the quasiparticles and the
bosonic reservoirs.
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Figure 4.2: The possible transitions between the states of the SSET. We show
an energy diagram for the states | 1) and | |). The state [N = 1) does not
change with Ng and is therefore drawn outside of the diagram. Red arrows show
the transitions caused by quasiparticle tunneling. a) Directly at resonance all
transition rates are of the same order. b) If we tune away from the JQP-cycle the
rates change drastically. The rates drawn with full arrows are much stronger than
those drawn as dashed arrows. The green arrow connecting | 1) and | |) shows the
effect of coupling to the oscillator.

4.1.2 Population Inversion

To understand how it is possible to pump an oscillator coupled to the SSET
it is sufficient to discuss the SSET without the coupled oscillator. We will
show in this section how we can achieve population inversion in the SSET.
This means we can tune the SSET such that it is in the excited state | T)
with a larger probability than in the low energy state | |).

Since we only need to describe the SSET, the total Hamiltonian is given

by

Hy = Ho + He + Hp, (4.7)
Hg = Hgsser,
He = Hyp . (4.8)

The tunneling Hamiltonian H, leads to incoherent transitions between the
eigenstates of the quantum system described by Hgsgr. We assume that
kgT < eV, Ec and therefore charges can only be transferred from the island
to the right lead. The energy for this process is provided by the transport
voltage. Each of the tunneling events corresponds to a decrease of the island
charge N by one. The energy dependence of the transition rates, which we
can calculate using either the Fermi’s golden rule or the diagrammatic tech-
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nique (see section 3.2.5), is weak. Therefore the magnitude of the transition
rates is mostly determined by the matrix element of the tunneling operator.

We separate the transition rates into two classes. The rates that take the
system from the state | T) to the state | |),

P, =sin?¢I(Ey — By +¢eV), (4.9)
[P, =sin® (B — B +€V),

and the rates that take the system in the opposite direction

IP, =cos?I(E) — By +eV), (4.10)
I, = cos?EI(Ey — By +eV).

These rates can be obtained using the explicit definition @Qf = e®#/2 in the
rates (3.45). The function I(E) has been defined in eq. (3.43) and corre-
sponds to the normal current across the superconducting junction for our
specific system,

I(E) = % / dw [1 = f()] fw = B) N (@) N (w — E).

(4.11)

The normalized density of states in a superconducting lead is given by

|E]
VET AP

where we assume that the leads and the island have the same gap. This
specific density of states and in turn the normal current have interesting
properties which we will use to generate a squeezed photon distributions in
chapter 5.

For 0 N = 0 the charge states |[N = 0) and |N = 2) are exactly degener-
ate and therefore we have cos& = sin ¢ = 1/v/2. From this it follows that the
rates taking the system from | |) to | 1) are of the same order as the rates tak-
ing the system in the opposite direction (see fig. 4.2a)). For dNg > 0 we get
cos§ > sin&. This means for the rates that I'",} > T'{" | and I'{" , > I'{" .
It is clear from these transition probabilities that for dNg > 0 the system
is most likely to be in the state | 7). As can be seen in the diagram in fig.
4.2b) this is an effect which is equivalent to population inversion in a laser,
and in the same vein we can use it to drive an oscillator out of equilibrium.
Capacitive coupling of an oscillator to the SSET will generate a connection
between the states | T) and | |). The cycle of transitions shown in full arrows

N(E) = 0O(|E| - A) (4.12)
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seen in figure 4.2b) will then pump energy into the oscillator because the
system will most likely move from the most populated state | T) trough the
intermediate states | |) and |1) back to the state | T). The energy difference
between the state | T) and | |), AE = E;— E|, is the energy which is pumped
into the oscillator in each cycle.

For 0 N < 0 one can also use this process in the opposite direction and
take energy out of the oscillator. In this work we mainly focus on lasing, but
in section 4.2, we will also show explicit results for the cooling case.

4.1.3 Relevant Quantities

In this whole chapter we will analyze the stationary result for the density ma-
trix using a master equation approach. In many cases we can calculate either
numerical or analytical results for the complete density matrix. Essentially
all information about the stationary properties of the system is contained in
this result. However, instead of looking at the density matrix itself, we will
calculate several quantities that will give us an immediate idea about the
physics of our system.

The most simple quantity we will analyze is the average number of pho-
tons (n) = (a'a). If the dissipation rate of the oscillator has been indepen-
dently determined it is easily possible to measure the average photon number,
either measuring the intensity of the radiation leaking from a transmission-
line oscillator, or by measuring the amplitude of a mechanical oscillator.
However the average photon number does not tell us anything about the
shape of the photon distribution. We can equally have a certain average
photon number through thermal and lasing effects, despite the fact that
these are very different mechanisms.

To distinguish between different distributions, we calculate the Fano-
Factor,

2 2
po =7 (4.13)

(n)
The Fano-Factor has the property that it becomes one if the photons in
the oscillator are Poisson distributed. This represents the classical coherent
state, which normally emerges in a laser. For distributions which are more
narrow than the Poisson distribution the Fano-Factor will be smaller one.
These distribution are called squeezed or sub-poissonian and are interssting
for many application [67]. A broad thermal distribution will lead to a Fano-
Factor F' &~ n+ 1, where n is the number of thermal photons in the oscillator.
An important feature that distingushes our system from the quantum op-
tic equivalent is that we have a current flow through the SSET. The current
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Figure 4.3: Diagramtic representation of the average
ik Tirl(ein cLRe*WR/Q)(t». We see that we can relate the current dia-
gram to the selfenergy.

can be easily measured and can be used to gain information about the oscil-
lator. We can calculate it using the same diagrammatic technique introduced
in section 3.2. Counting the electrons tunneling through the right junction is
enough to calculate the current through the whole system because of current
conservation.

The current is related to the time derivative of the number of particles
that have tunneled through the right junction Ng,

I(t) = e - {Nw(t) = iel(Hr, Ny (1) (4.14)

The operator N commutes with all parts of the Hamiltonian but the tun-
neling part. This leaves us with

1(t) = —ie 3T (e chre ) (0) = {(c p ene™) 1)) - (4.15)
ik

The diagrams for the expectation values in eq. (4.15) have a vertex at time
t. It has the same structure as the other tunneling vertices from H,, and
by attaching this vertex to the upper or lower propagator we can relate the
rightmost irreducible part of the diagram to the self-energy . The relevant
part of the selfenergy contains all diagrams that connect vertices on different
branches of the Keldysh contour. We will call this part of the selfenergy X.
The current can now be written as

t
10 =Y [ Wpu?)Sr-lt1) (4.16)
qq'g Vo
In the stationary limit or the Markov approximation we can relate the current
to the tunneling rates,

I=e Z Paq'Laq—az - (4.17)

q9'q
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This is the equation we will use to evaluate the current for our system.

4.2 Dressed-State Approach

We want to study the properties of an oscillator coupled to a superconducting
single-electron transistor. The SSET has been discussed in section 2.1 and
a simplified Hamiltonian of the coherent part of the system is given by eq.
(4.7). The coupling of the oscillator can be of differing origin, but here we
choose capacitive coupling (see fig. 4.1), which effectively means that we
have linear coupling between oscillator displacement and SSET charge.

We can now use the techniques introduced in section 3.2 to find a master
equation for the density matrix. Solving the master equation in the station-
ary limit will allow us to calculate the relevant properties of the system (see
section 4.1.3). In the first subsection we will discuss the strong coupling
regime. Here we can ignore the offdiagonal elements of the density matrix
and reduce the master equation to a simple balance equation. In the second
subsection we will derive analytical solutions for the stationary properties
for exact resonance between the oscillator and the SSET. Then we study the
effect of charge noise in the strong coupling regime. In the last subsection
we will solve the complete master equation, and compare the results to the
strong coupling case.

4.2.1 Strong Coupling Results

In this section we will neglect the effect of voltage fluctuations, T} = 0,
and study the system only with quasiparticle tunneling and dissipation in
the oscillator. The strength of the rates is determined by V/eR and k,
respectively. As described before, with the addition of the oscillator the
states | T) and | |) are coupled by the effective coupling g. As long as the
spectrum of eigenenergies of our system is broader than the relevant rates we
can neglect all offdiagonal elements of the density matrix. For all calculations

in this section we assume that
g, E;>V/eR, k. (4.18)

In this limit the master equation is given by a simple balance equation

pi = Z (Lj—ipy — Licjpi) (4.19)

J



4.2. Dressed-State Approach 55

- ‘leR
E  Ee
0. 2

0.4 0.4

: o
EC 30 EC
0.2

0.05 5Ng 0.1 0.05 N 0-1

0.05 gNg O-1

Figure 4.4: The average photon number (n), the Fano-Factor F' and the current
I as a function of the frequency w and the gate charge dNg. We see maxima in
the photon number for the resonance condition AE = mw, where m = 1,2,....
At resonance, the Fano-Factor has a minimum and the current has a maximum.
For the parameters: E;/Ec = 0.18, A/Ec = 2.2, eV/Ec = 7, g/Ec = 0.01,
k/(Ec/e*R) = 0.1.

where p; = (i|p|i), is the probability of the system to be in the state i and
the rates are given by the golden rule rates (see section 3.2.5),

T =T®, + T, (4.20)
D, = |(ilen 2 )P 1(E; — E; +eV),

e -0 E; - E [(ilalf)]*  E; > E;
T wl—exp (—[E; — E)/ksT) | [Glal|f)? E; < B 7

where we assumed a linear density of states for the dissipation in the os-
cillator. We can numerically calculate the eigenstates as a combination of
the Fock states of the oscillator |n) and the eigenstates of the SSET island
IN=1), | 1), | 1) Eq. (4.19) can be solved numerically in the stationary
case p; = 0. We are interested in the average excitation of the oscillator
(n) = (a'a) and the width of the distribution around this average, which is
determined by the Fano-Factor F' = ((n?) — (n)?)/(n). The current can be
determined as shown in section 4.1.3.

Results for 7 = 0 can be seen in fig. (4.4). As expected we observe
maximal excitation if the oscillator is at resonance with the energy difference
AFE. The Fano-Factor at these positions becomes especially small, which
shows us that the density distribution has a sharp peak around the average
value of the photon number n. Directly at resonance the Fano-Factor can be
smaller than one, which means that we have a squeezed distribution. But
as we will show analytically in section 4.2.2 squeezing is destroyed even for
rather small temperatures. Around the resonances we see that the Fano-
Factor has maxima. This is the case because driving starts to increase the
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Figure 4.5: The average photon number (n), the Fano-Factor F' and the current
as a function of d Ng. For the parameters: eV/Ec =7, w/Ec = 04, g/Ec = 0.01,
kpT/w =20, k/(Ec/e*R) = 0.1.

number of photons close to resonance but no lasing distribution has been
created. The current has its maximum for small  Ng, exactly at the JQP

peak, but it has additional maxima at the photon resonances.

One can observe higher order resonances, AE = mw, for m = 1,2,....
However the condition (4.18) is in fact not enough for the higher order results

to be correct. The correct condition is given by

v/ (n) <ng> 7 JE; > V/eR, K,

(4.21)

where m is the corresponding order of the resonance. Only if this condition
is fulfilled the off-diagonal matrix elements of the density matrix can be

neglected.

An example with non-zero temperature can be seen in figure 4.5. Here
it makes sense to look at a range of § N that includes cooling. For positive
0Ng we can again see the increase of the photon number on top of the
thermal photons. While for negative d N¢ the number of photons decreases
significantly at resonance. For § Ng = 0 we see the pure thermal distribution
where the average photon number is given by the number of thermal photons.
The Fano-Factor shows behavior similar to the zero temperature case, only
that it is much larger overall as a result of the broad thermal distribution. At
ONg = 0 we get as expected F' =n + 1. The current has a maximum at the
JQP-cycle, 0 Ng = 0, and at the photon resonance. For the cooling resonance
the current shows only a small increase, because the thermal energy of the

oscillator is rather small in our example.
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Figure 4.6: The charge states [N = 0) and |N = 2) are coupled by the Josephson
effect Ej to form the basis states | 1) and | |). Tuned to resonance with the
oscillator (AE ~ w) they form the eigenstates |+, n) of the coherent part of the
Hamiltonian.

4.2.2 Analytical Solution

We will constrict our analytical analysis to the vicinity of the resonances.
Close to a resonance we can find an explicit expressions for the states |i),
which are needed to calculate the transition rates (4.20). The charge state
|N = 1) does not couple to the oscillator and therefore the product states
IN = 1)|n) are eigenstates of the Hamiltonian Hg. In the vicinity of the
resonances multiples of the frequency of the oscillator w are close to the
energy difference AFE and the frequency detuning is given by dw,, = w —
AFE/m. The states | |) and | T) are coupled by g. The total coupling strength
is also determined by n, that means by the Fock states of the oscillator which
couple to the SSET. This gives us

[+, n)m = sinnm| T)[n) 4 cos np| 1)[n+m), (4.22)
| = )m = cos | T)[n) — sinny| L)[n+m),
tan 21, = 2gv/n /0w, .

These eigenstates are called dressed states. The charge states are coupled by
the Josephson coupling, and the resulting states are coupled to the photon
states through g. This is illustrated in fig. 4.6.

We will start with an analysis of the system directly at resonance, such
that sinn = cosn = 1/v/2. We have now two sets of states |+, n),, and
|1,n) = [N = 1)|n). The quasiparticle tunneling can only lead to transitions
between even and odd charges, this means it will cause transitions between
the two sets. Dissipation can not change the charge of a state and therefore
will only cause transitions within each set. We can plug the states (4.22)
into the expression for the transition rates (4.20). The transitions caused by
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quasiparticle tunneling are given by

1

T (4.23)
1
Fqiljnfmﬂl,n - §Filp—>1 ’
1
F(llﬁzﬁ:t,n = §F(11p—>T )
[P _ qup

1,n+m—=+n 2 1—| >

where we have neglected the dependence of the energies on g. This can be
done because the voltage eV is much larger than g. The transitions between
the eigenstates caused by dissipation can be calculated exactly. However we
will use an approximation for the rates which will make it easier to solve the
balance equation (4.19). If we assume that (n) is large we can approximate
the dissipation rates to

I tjen—1 = (w + Dnk, (4.24)
If/i,nﬂl/i,nqtl =Ny (n + 1)’%7

where 71, = 7 (w) (see eq. 3.37). Using the rates given by eq. (4.23) and
eq. (4.24) we can write the balance equation (4.19) as

i 1 1 _ _
P+n = ér(lanpl,n + él—‘(llp_,lpl,n-‘rm + (nw + ].)(TL + 1)’%p:|:,n+1 + RNuNP+ n—1

1 1
— (51“?11 + §T(fp_>1 + (Mg, + 1)nk + fig,(n + 1);4) Ptm s (4.25)

. 1 1 1
Pin = Z <§P?ilpi,n + §F(filp:|:,n—m> - 5 (P(llil + F?ILT) Pln
+

+ (ﬁw + 1)"43 ((n + 1)p1,n+1 - npl,n) + ﬁwﬁ (npl,nfl - (n + 1)p1,n> .

From this equation we can not extract an analytical solution for the density
matrix, but we can now find a solution for the average oscillator excitation
(n). To do this we multiply eq. (4.25) by n and sum over all n. The resulting
equations are

, 1 1 1 _
ny = g <§F(Tni>1ni + éf(fil(ni + mpi)> — 5 (F(lnil -+ Fillp_)T) ny — /‘i(nl - nwpl) )
. 1 . 1
e = ST+ 5T (1 = mpr) = (s = mps) = 5 (T2, + T ) n

(4.26)
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Figure 4.7: We compare analytical and numerical solutions for the average photon
number (n) and the Fano-Factor F. black line: analytical solution, red-dashed:
numerical solution. a)(n) as a function of k. The photon number decreases like
kL. For this plot we have chosen 6Ng = 0.1. b) The Fano-Factor F as a function
of Ng. We see that the Fano-Factor becomes smaller than one for large dNg.
For this plot we have chosen x/(E¢c/e?R) = 0.1. Both plots used the parameters:
E;/Ec=0.18, A/JEc =2.2,eV/Ec =17, g/Ec = 0.01.

where n; =Y Npin, pi= >, pin and (n) =ny +n_ +n;.

We know that for sufficiently low dissipation the density matrix p;, is
peaked around (n) > 1, therefore we have neglected p;;. A similar set of
equations can be derived for p;, simply by summing the equations (4.25) over
n. In the stationary limit we get a set of linear equations which can be easily
solved for ny,n_ and n;. At resonance the equation for the average number
of photons becomes

() = mI'% /kDp + Ay, (4.27)
Ih=TP I, —TErE,,

D = (T2, + T, + 202 + T))

We see that the photon number is inversely proportional to the dissipation
rate k, and independent of the oscillator coupling g. The dependence of
the quasiparticle rates on the energy difference between the states | 1), | |)
and |N = 1) is small. Therefore it is reasonable to approximate the normal
current in eq. (4.10) and (4.9) by

Iy =1(eV). (4.28)
With this simplification we can write the average photon number as
mly cos 2
mw=——. 4.29
() = T (429)

In fig. 4.7a) we compare the analytical results for the average number
of photons with results obtained from a numerical solution of the master
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equation. We have chosen 0N in a way that (n) is large enough to fulfill all
approximations we have made to derive equations (4.26). As can be expected
in that case the numerical and analytical results fit perfectly.

We can now use the same method to calculate higher moments of the
photon number n. If we multiply equations (4.25) with n? and sum over all
n it is straight forward to derive an approximate equation for (n?). From this
we can calculate the Fano-Factor analytically. This equation is compared to
numerical results in fig. 4.7. We see that the analytical result is slightly off,
but captures the essential features.

The equation for the Fano Factor is not very instructive, so we give here
only an approximation for two special cases. As 0Ng increases we have

P, > TP TP, | 1f we additionally assume small dissipation we get
1 (F(Tnlf + 4F(fil2)m
Fra=(1+ + . (4.30)
2 ( P+ 21,

Here we see that at the first order resonance (m = 0), low temperatures
n, ~ 0 and strong driving, the Fano-Factor will always be smaller than
one. In fig. 4.7b) we see that for large dN¢ this fits well with numerical
results. However, already a small number of thermal photons will destroy
the sub-poissonian distribution in this system.

Now we look at the Fano-Factor at the first order resonance for n = 0
and small x,

[PLIP, (OR, 4TR)I®, 2P T,

F=~1 — — — . 4.31
L 2 oo A

Using the approximation given by eq. (4.28), we can write this as

F =~ % + icos_1 26 + 3_16 cos 2¢ . (4.32)
Here we see again that for strong driving, £ — 0, our Fano-Factor can be
smaller than one at the first order resonance. As we approach dNg = 0 we
have ¢ — /4 and here the Fano-Factor will diverge because the number of
photons goes to zero and our approximations do not hold anymore.

In fig. 4.8 we compare the analytical results for the first and second order
resonance with fully numerical results. We have chosen a large temperature,
so that we can see an effect in the cooling regime as well. One should keep
in mind that we keep the oscillator always at resonance. The average photon
number fits very well for the first order resonance. But the Fano-Factor
is already problematic in the first order, because it diverges as (n) goes to
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Figure 4.8: The average photon number (n) and the Fano-Factor F as a function of
6Ng. black line: numerical results for the first order resonance, red line: numerical
results for the second order resonance, black-dashed: analytical results for the first
order resonance, red-dashed: analytical results for the second order resonance.
For the parameters: E;/Ec = 0.18, A/Ec = 2.2, eV/Ec = 7, g/Ec = 0.01,
k/(Ec/e*R) = 0.1, kgT/w = 20.

zero. In our calculation we explicitly assumed a large photon number and a
sharp peak in the density matrix. Therefore it is clear that our analytical
calculation can not fully describe the physics in the cooling regime.

For the second order resonance the average photon number also shows
some significant divergence from the analytical prediction. The reason for
this is that the frequency of the oscillator is rather small and in this case
our approximations for the eigenstates (4.22) are not correct anymore. For
coupling of the order of the frequency we have to consider the fact that,
additionally to coupling the states | T) and | |), the oscillator-SSET coupling
creates a shift in the point of origin of the oscillator depending on the state
of the SSET. In this case, the photon number states in eq. (4.22) have to be
replaced by the appropriate coherent states. This means that the selection
rule which creates the photon driving is not effective anymore, because the
states | T), | |) couple to an admixture of many photon states.

If we are not directly at resonance, the quasiparticle tunneling rates F?ij
depend on the photon number n. Therefore we can not simply sum the eq.
(4.25) over n. However, to get an approximate idea of how the width of the
resonance peaks scales with the system parameters we can exchange n — (n)
in the eigenstates (4.22). Using this approach we can solve eq. (4.26) and
see how the frequency detuning dw scales for a fixed average photon number,

S — g\/QIOm cos 26 — 6k (n) . (4.33)

k(n)(cos4€ +7)

The detuning dw becomes zero if (n) = (n),, and is linearly dependent on
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the coupling g of the oscillator to the SSET. Comparison of eq. (4.22) with
numerical results shows that the replacement of the photon number n by the
average photon number in the eigenstates is a rather rough approximation.
However, in the numerical results we also see the linear dependence of the
width of the peak on the coupling constant.

4.2.3 Voltage Fluctuations

In this section we will discuss the effect of fluctuations in the gate charge
on the system. We will stay in the strong coupling limit, such that we can
describe the system with a simple balance equation (4.19). With the addition
of charge noise the rates in the balance equation are given by

Djmi =T, + T + 10y (4.34)
A E. — E
= A GIN? i~ b ,
=i = ap YN T e — BT

The charge noise in a SSET can lead to transitions between the states
| T), | 1) and pure dephasing. However, in the strong coupling limit we can
neglect the off-diagonal elements of the density matrix and therefore pure
dephasing does not have much of an impact.

Using the dressed states as defined by eq. (4.22) at the first order res-
onance we can calculate the matrix element for several possible transitions.
At resonance the matrix element for transitions within a set of states with
the same quantum number n is given by

(+,n|N|—,n) = cos* ¢ —sin*¢, (4.35)

If we go to the regime d Ng > 0 to pump the oscillator this matrix elements
becomes approximately cos? €. We can compare this matrix element with the
matrix element for a transition changing the photon quantum number,

(+,n|N|—,n) =sin€ cos €. (4.36)

We see that for pumping this matrix element is suppressed by sin €. Therefore
the transitions caused by charge fluctuations do not affect the number of
photons as long as we are in the strong coupling regime.

In fig. 4.9 we can see results for a numerical solution of the balance
equation in the stationary case. The frequency is kept constant and the gate
charge d N and strength of the voltage fluctuations A is being varied. As
expected, even for voltage fluctuations larger then the quasiparticle pumping,
the resonance peak hardly changes. The current shows the typical peak at the
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Figure 4.9: The average number of photons (n) and the current I as a function
of the gate charge dNg and the charge noise strength A\. The photon number
hardly changes and the peak in the current becomes broader. For the parameters:
Ej/Ec =0.18,eV/Ec =17, k/(Ec/e*R) = 0.1, w/Ec = 0.4.
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resonance on top of the decaying JQP current. The change in the current is
also small. The only noticeable issue is the change in the peak width for very
strong voltage fluctuations. This is the case because charge noise broadens
the JQP peak. Even if we are out of resonance and Cooper-pair tunneling
becomes less likely charge transfer can happen via incoherent Cooper-pair
tunneling that occurs due to voltage fluctuations. We will discuss this in
more detail in the sections 4.3 and 4.4. For smaller coupling g the dephasing
caused by charge noise plays a significant role and we will be able to analyze
the effect analytically. In this section and section 4.3 we can only treat voltage
fluctuations described by a flat spectral density. Otherwise the expansion in
the coupling between reservoir and quantum system would diverge. This has
been shown in section 3.2.6. However, in section 4.4 we will use the polaron
transformation to discuss several different spectral densities.

4.2.4 Solving the Complete Master Equation

So far we have used the dressed state approach only in the limit of strong
coupling. However we can also find the stationary density matrix for the
complete master equation. In this section we will again neglect voltage fluc-
tuations and only consider dissipation in the oscillator and quasiparticle tun-
neling.

The full rates for this case are essentially given by eq. (3.44) and eq.
(3.43), where we have to adapt the operators to the actual coupling operators
in our Hamiltonian Hs.  We solve the master equation numerically and the
results can be seen in fig. 4.10. In contrast to the strong coupling case we
see that the higher orders disappear because the coupling is smaller than the
incoherent transition rates. We will discuss this effect in section 4.3.4.
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Figure 4.10: The photon number (n), the Fano-Factor F' and the current I as a
function of the gate charge dNg and the oscillator frequency w. We take into
account all elements of the density matrix. For higher order resonances the
effective coupling becomes much smaller than the quasiparticle tunneling rates

and their signature vanishes. For the parameters: F;/Ec = 0.18, eV/Ec = 7,
k/(Ec/e*R) = 0.1, g/Ec = 0.01, (e2R)~! = 0.004.

The dressed state approach is most usefull in a strong coupling regime
where we can reduce the master equation to a simple balance equation. How-
ever if we go into a regime where transition rates and coupling between os-
cillator and SSET are of similar order, there are different methods which will
allow us to describe our system more effectively. In the next section we will
use an approach better suited for the weak coupling regime.

4.3 Lindblad Approach

In this section we will use a simplified master equation to analyze the SSET-
maser. We will start by transforming the complete Hamiltonian of the system
(4.6) into the base of the charge qubit | T), | |). In the composite base of
qubit and photon number states we will derive a simplified master equation
in the second subsection. This master equation has Lindblad form, but is
limited to a coupling strength g that is smaller then the decay rates of the
relevant bath correlators.

Voltage fluctuations can cause dissipation and dephasing. We will sep-
arate these effects and study them independently in the third and fourth
subsection. To study dissipation it is necessary to solve the master equation
numerically. In the case of pure dephasing we are able to derive an analytical
solution that gives us good insights into the properties of our system.
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4.3.1 The Hamiltonian in the Charge Qubit Base

The three relevant states that describe the SSET are given by | 1), |) and
|N = 1). However the state |N = 1) is only connected to the other states
via the incoherent quasiparticle transitions. We will describe this transitions
within the framework of the master equation and reduce the Hamiltonian to

the states | 1), | |),
1
Hgspr = §AE02 ; (4.37)

where o; are the Pauli-matrices acting on the states | 1), | |), and AF =
V16E25NZ + E2. All other parts of the Hamiltonian have to be transformed
as well. Essentially we can do this by transforming the operators coupling
to the SSET. For the Hamiltonian H, this means

e'PrI2 = Pyysiné + Py cosé + Ppycosé + Ppysing, (4.38)

where P;; = |i)(j|. Charge noise and the oscillator couple to the system via
the charge variable. As has been discussed in section 4.2.3, charge noise can
only cause transitions between the states | T) and | |). This means that
we can neglect the coupling to the state |V = 1). Accordingly the charge
variable transforms to

N = cos2éo, +sin 2o, . (4.39)

As it is known from quantum computing at the symmetry point dNg = 0
charge noise creates only dissipation, cos2¢ = 0. If we tune away from
symmetry we get additionally pure dephasing. We operate close to the regime
where our eigenstates correspond to the charge states, such that dephasing
is the more important component of the charge noise.

After these transformations the Hamiltonian of the complete system is
given by

Hr=Hg+ He + Hg. (4.40)
The coherent part of the system is given by
Ho = Hgspr + Hy + H,,, (4.41)
where the coupling between SSET and oscillator is now given by

H, = g(cos 2o, +sin2¢0,)(a +a') . (4.42)
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Coupling to the reservoirs is contained in
He=Hy +H.+Hp+ Hp. (4.43)

Dissipation in the oscillator remains unaffected by our transformation into
the qubit base. Quasiparticle tunneling, relaxation and pure dephasing are
given by

Hy, = Z ﬂ?lfcip CL,R (Pyysin€ + Py cos& + Pjycosé + Pjysiné) + hec.,
ik

1
Hp=50.3 17 (b? n b?*) , (4.44)

Hp = sin2éo, ZTZR (blR + bZRT) .

We will study dephasing and dissipation independently. Therefore the Hamil-
tonian H, has been divided into pure dephasing Hp and dissipation Hg.
Within our formalism we can consider any source of dephasing, not only
voltage fluctuations. However, if we want to focus on the dephasing effects
of voltage fluctuations we have to replace T}’ by cos2£TP. Tt should be
noted, that for strong driving the eigenstates of the charge qubit are similar
to the charge states. This means that cos 26 — 1. Therefore, in the interest-
ing region where we have lasing, there will not be much difference between
these two possibilities.

4.3.2 The Master Equation in Lindblad Form

As discussed in chapter 3 we expand the time evolution of the density matrix
in orders of Ho. Then we add up all inseparable diagrams into the selfenergy
S(t,t),

t

p=—i[Ho, p| + / dt' p(t)S(t ). (4.45)

to

In section 4.22 we have projected this equation onto the eigenstates of H
but this not necessary. One can use any kind of base. However if the basis
states are not the eigenstates of Hy, then the time evolution of the states
along the Keldysh contour is not diagonal anymore.

We project eq. 4.45 onto the product base of SSET and photon states,

{10y en). (4.46)
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Figure 4.11: A second order diagram corresponding to the transition I't ;,_ 11 p—1.
The time evolution along the Keldysh contour leads to a rotation of the basis
states. If gy/n is smaller then the decay rate of the diagrams, the rotation can be
neglected.

For this case we can find a parameter range where we can approximate the
time evolution along the Keldysh contour as diagonal. The time evolution
will not change the states as long as the correlation time is much smaller
then 1/g+y/n. This means the contribution of the diagram has to decay faster
then the time given by 1/gv/n (see fig. 4.11).

Projecting eq. (4.45) onto the composite base helps us to derive a simple
second order approximation in the Markovian limit. The coupling operators
for the bosonic reservoirs allow only a transition with the energy difference
AFE. Therefore we can immediately write down the relevant terms in a
Lindblad form. For the quasiparticle tunneling we will ignore the energy
difference between the rates caused by the charging energy. The master
equation is given by

p = —i[Hq, p| + Lopp + Lxp + Lrp+ Lpp. (4.47)

The master equation includes four Lindblad operators. We have an operator
describing the quasiparticle tunneling,

I
Lopp = 502N=0,1(2P NP LN (4.48)

— Py Pl v — PPy Pl n)

where the prefactor I, has been defined in eq. (4.28). Qubit dissipation is
described by

Rsin®2
Lrp = Tg(nm«; +1)(20_poy —oy0_p—poio_) (4.49)
Rsin? 2
s (204p0_ — 0 0y p—poay)

2
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where iap = 1t (AFE), and pure dephasing is described in
LDp =D (Uzpaz - p) : (450)
The dissipation in the oscillator is given by,

L.p= g(ﬁw +1) (2apa’ — a'ap — pa'a) (4.51)

+ gﬁw (2ana —aa'p — paaT) .

We can calculate the prefactors in the Lindblad operators by evaluating the
spectral density of the respective bath at the relevant energy differences.
However for our purposes it is enough to treat the prefactors as a parameter.
In section 4.4 we will discuss the connection of the prefactor for dephasing
to the noise spectral density in more detail.

4.3.3 Numerical Results

We can solve the master equation numerically in the stationary limit and
calculate all stationary properties of the system. To simplify our calculation
we can apply a rotating wave approximation and consider only those density
matrix elements which will play a significant role for small coupling. We will
first discuss the Hamiltonian of the quantum system and the terms we can
neglect in the oscillator-SSET coupling,

H, = g(cos 2o, + sin 260, (al + a), (4.52)
= go.(a' + a) + go.(a' + a).

The second term of the coupling Hamiltonian connects the states | T)|n) and
| 1)|n + 1). These two states can be degenerate, therefore the second term
has to be kept. The first term connects states that have the energy difference
w, therefore we can neglect it as long as g\/@ < w. In the same spirit we
can perform a rotating wave approximation in our master equation and only
consider the offdiagonal matrix elements p| ny1/1n-

In figure 4.12 we compare the results of a full solution of the master equa-
tion with the results in the rotating wave approximation. As the coupling
between the oscillator and the SSET increases we see that the results start to
diverge. The maximum in the peak in the photon number is shifted slightly
to a larger gate charge d N for the full solution. This is the Bloch-Siegert
shift [68]. However, the shape of the peak remains the same. For all further
calculation we will choose the effective coupling in such a way that we are
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Figure 4.12: The average photon number (n) and the Fano-Factor F' as a function
of the gate charge d Ng. We compare a full solution of the master equation and and
a rotating wave approximation. black: g/FE¢c = 0.002, red: g/Ec = 0.003. lines:
rotating wave approximation, dots: full solution. For the parameters: eV/Eqx =
6.5, w/Ec =04, E;/Ec = 0.2, Iy/Ec = 0.0325, k/Ec = 0.00005.
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Figure 4.13: The average photon number (n) the Fano-Factor F' and the current
I as a function of the gate charge dNg. We calculate these quantities for several
different values of charge noise strength R. black: R/Ec = 0.03, red: R/E¢ =
0.04, blue: R/Ec = 0.05, green: R/Ec = 0.06. For the parameters: w/Ec = 0.4,
E;j/Ec =0.2, g/Ec = 0.004, Iy/Ec = 0.0325, k/Ec = 0.00005.
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inside the regime where the rotating wave approximation is valid, and the
Bloch-Siegert shift remains small.

We study dephasing and dissipation separately. In the next section we will
find a fully analytical solution for pure dephasing but without dissipation. To
analyze dissipation we need numerical results. In fig. 4.13 we see the average
photon number, the Fano-Factor and the current for several different values
of R. In contrast to our results in section 4.2.3 dissipation caused by charge
noise has a strong impact on the photon number. This is because we are
looking at the situation where g is of the same order of magnitude as R.
Accordingly the Fano-Factor decreases only slightly at resonance for strong
noise. Interestingly the size of the current at resonance hardly changes. The
peak in the current caused by the photon resonance is reduced, but the overall
current increases because of the broadening of the JQP peak. The net effect
of this is that the current at resonance stays the same.

4.3.4 Analytical Results

In this section we study the effect of pure dephasing. Without relaxation in
the SSET the master equation is given by

p = ilHq, pl + Lapp + Lep + Lpp. (4.53)

It is our goal to derive an effective equation for the probability distribution
of the number of photons in the oscillator p, = (n|Trgsgrp|n). We do this
by tracing out the degrees of freedom of the SSET in eq. (4.53),

pn = (0| Trssir {i[Hq, p| + Lapp + Lpp} 1) (4.54)
+ (n|L,TrssgTp|n) .

where we see that the dissipation in the oscillator only depends on p,,.

For the parameters that are usually used, the dissipation rate in the os-
cillator is generally much smaller than the quasiparticle rates in the SSET
[25]. This means that we have two widely separated timescales in our prob-
lem. Therefore we can treat p, as constant on the time scale of the artificial
atom. From this, we can calculate the effect of the first term in eq. (4.54) on
the photon number distribution. The transitions between the states of the
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artificial atom are given by

Prajin = losin® Eppnsrn + Lo cos® Epy /i m (4.55)
- [opl,n/l,n )
Prasian = =i gV + 1 (pra/ine — PT,n/i,nﬂ)
+ Iy cos® £prnsin — Lo Sin® €py /i
Plint1/Lnt1 = ig\/n—Jrl (me/l,nJrl - ﬂT,n/L,n+1)
+ Iosin® £pynjin — Lo OS> Epyni/Lnt s
PrinfLae1 = —(10/2 4 D)pynsin+1 — 10WPL 5/ 0t
- ig\/m (PT,n/T,n - plm+1/i,n+1) .

Using the fact that p, = pjn/tn + P1n/1n T P1n/1,n We can form a closed set
of equations.

Prin—1/1n—1 Prm—1/Tn—1 B1Pn-1
AN IR VIR I \V/ [ I VIR I (4.56)
dt Pin/tn—1 Pln/1n—1 0 ’
PlLin/lin PlLin/lin B2pn
aq —igy/n igy/n 0
M | —igy/n —D —1y/2 —idw 0 ig\/n
| digvn 0 —D —Iy/2 +idw —igy/n
0 igy/n —igvn a
Ip(cos4E +7)
 4(cos2€ +3)
~ Iop(cos4E +7)
~ 4(cos2¢ —3)
_ 2lpcosté
3+ cos2¢’
21 sin* €
e
3 —cos2¢

a1 =

(8%

b

This set of equations can be solved in the stationary case and we get a master
equation for the density matrix of the oscillator,

P = (L) + KkRun) pp_s (4.57)
— (Th + 1, 4 au(n+ 1) + (e + 1)n) py,
+ (T + A7 + 1) (n 4+ 1))
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Figure 4.14: The probability distribution p, as a function of the photon number
n. For low temperatures the distribution is sharply peaked. As the temperature
increases the distribution becomes broader. black: n, = 0, red: n, = 10, blue:
n, = 40. For the parameters: dw = 0, eV/Ec = 6.5, g/Ec = 0.002, E;/Ec = 0.2,
Iy/Ec = 0.0325, k/Ec = 0.00005.

where T = T'p,, cos? € is the rate increasing the number of photons, T';, =
Iy sin? ¢ is the rate decreasing the number of photons and

Iog2n
Iy, = . (4.58)
i — Io((2D+19)?+46w?)(cos 4£+T7)
3g*n + = @D o)
We can solve this equation for all temperatures,
rh N,
pn = polT’ - (4.59)

"7~ 4 k(n, + 1)m

where pg is a normalization constant. We can simplify the density matrix for

7 =0,

Pn = poll ﬁ i (4.60)
_ Iycos i¢
B 3/{ ’
5= Tysin* ¢ N Io (2D + Iy)? + 46w?) (cos 4€ + 7)
3K 96g(2D + 1) '

From this result for the stationary distribution, we can calculate all stationary
quantities. The average photon number is given by,

e ((1+ B)a* + ¢(3 — a) (~T[2+ 8] + (1 + A)T[L + 5, a)))

(-
B(1+8) (LB = T[B,al) ’
(4.61)

(n) =
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and the Fano Factor,

[H(B+ 8% + eX(=T[2+ 8] + B + B[S, o))
B+ B)I[B] = T8, o)
[—e*al'[2+ ] + B(1 + B)(a”(a = B) + e*aT'[3, o]
(14 B)a! 0 +ex(f = a)(=T2+ 8]+ (1 + B)T[1 + 5,a]) °
where I'(z) is the Gamma function and I'(z,y) is the Incomplete Gamma

function. We can also calculate the current. For our system the current is
given by

=’

(4.62)

I=c¢ (p1[0 + piIosin® € + p| Iy cos® f) , (4.63)

where p; = > pinjin. Our solution of eq. (4.96) gives us p;, and p| , as
a function of p, and we can use the relation p, = pin/1.0 + P1n/in + Prn/tn
to calculate py /1. It is straight forward to calculate an analytical solution
for the current using these equations.

In fig. 4.14 we see the density matrix as a function of the photon number
n. For large temperatures we get a broad distribution with a long tail, that
corresponds to the thermal distribution. At n,, = 0 we have a sharply peaked
distribution. From eq. (4.60) is is simple to estimate this peak,

Nmage = O — ﬁ = Ngsat — 57 (464>
Iycos2¢
Nsat = T ’
5— IyAE?(cos4€ + 7) 40w? + (Iy + 2D)? (4.65)
24E7 g2 4(Ip+2D) '

For n,,,4, > 1 this result corresponds very well to the average photon number.
We see that for strong coupling we will achieve saturation with the number
of photons being n,,. This is exactly the result obtained in section 4.2.2,
see eq. (4.27). In section 4.2.4 we have seen that the photon number in the
oscillator is reduced if Iy becomes larger than the effective coupling between
oscillator and SSET. For I > g, D the reduction § of the saturation photon
number n,,; is proportional to IZ. At the same time n,,; grows only linearly
with Iy. Therefore large I is destroying the lasing effect.

In the same limit we can calculate an approximation for the Fano-Factor
which is given by

P Iycos¢

= ) 4.66
Oé_ﬁ 3/€nmax ( 6 )
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Figure 4.15: The average photon number (n), the Fano-Factor F' and the current
I as a function of the gate charge d Ng. black: D = 0.05, red: D = 0.1, blue: D =
0.15. dashed: analytical solution, lines: numerical solution. For the parameters
eV/Ec =6.5, g/Ec =0.004, Ej/Ec = 0.2, Iy/Ec = 0.0325, k/Ec = 0.00005.

If we are at resonance, dw = 0, the coupling between oscillator and SSET
is strong, Nee =~ Nsa, and we have tuned far aways from the JQP-cycle,
¢ — 0, the Fano-Factor given by eq. (4.66) approaches one. We see that this
stands in contrast to our results in section 4.2.2 where we have shown that
for strong coupling the Fano-Factor can be smaller than one. Here we see
limits of the approximations we made in this chapter.

In fig. 4.15 we see a comparison of our analytical results and numerical
results. The average photon number and the current fit perfectly. For the
Fano-Factor we have only a small discrepancy. As we increase the dephasing,
the photon number and the peak in the current decrease. Accordingly the
Fano-Factor increases. With decreasing photon number the peak becomes
slightly broader. Additionally to the broadening we see that the maximum
of the peak shifts to a smaller detuning d N. This is an effect directly related
to the capacitive coupling of SSET and oscillator. We will discuss it in more
detail in section 4.4.4. If we assume that the only source of dephasing are
voltage fluctuations we have to replace D by D cos?2¢ in our result. The
effect of this would be that the dephasing increases with increasing d N and
the maximum in the peak in (n) would shift even further to small j Ng.

4.4 Low-Frequency Noise

A solid state system is always coupled to many sources of noise. Well stud-
ied examples are two level fluctuators [69], phonon coupling [70], and voltage
fluctuations caused by an external impedance [50]. We discussed the de-
scription of noise at length in chapter 3. Fluctuations are described by their
spectral density, which gives us a distribution of fluctuation frequencies. If
we have fluctuations with a smooth distribution we can calculate the aver-
age effect on the quantum system using standard methods, as discussed in
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section 3.2. For noise much slower than the time evolution of the quantum
system we can use a quasistatic approach, as discussed in section 3.5. The
intermediate regime between these two cases is a noise frequency distribution
that is peaked for small frequencies but still has a significant width. We will
use the term low frequency noise to describe this intermediate regime.

Low frequency voltage noise can be a major factor in our artificial atom.
The noise can couple through the transport voltage V' and the gate charge
Ng. The spectral density of voltage noise is determined by the impedance
of the leads, coupling to the quantum system. We have discussed the form
of the effective impedance in section 2.1.2. For large resistance in our leads,
voltage fluctuations at small frequencies will be dominant. If there is an
additional inductance we get resonances for certain frequencies determined by
the inductance and the normalized capacitance. In this section we will focus
on low frequency voltage noise, where the characteristic noise frequency is
smaller then the qubit energy splitting AE. This means that the longitudinal
noise coupling is dominant.

In the first subsection we will discuss the polaron transformation which
we will perform to be able to treat low frequency noise in a large parameter
range. The polaron transformation changes the Hamiltonian of the system
and this in turn changes the master equation. In the second subsection
we will discuss strong low frequency voltage fluctuations. We will show for
which type of spectral density our expansion is valid. Then we will introduce
the energy broadening due to quasiparticle tunneling. The strong dephasing
effects of quasiparticle tunneling for the SSET-maser allows us to describe
weak noise within the same approach we used to describe strong low fre-
quency noise. After that we will derive analytical results in the classical
limit for large temperatures. In the fifth subsection we will discuss the case
of small temperature which is quantitatively different from the classical limit.
In the last two sections we will discuss two special kinds of noise, one being
the purely resistive impedance and the other is the LC-oscillator.

4.4.1 Master Equation

In this section we will discuss an approach which will allow us to describe low
frequency noise well beyond the limits of the standard master equation. It is
in principle possible to take all components of the Hamiltonian into account,
but for the relevant parameter range this is actually not necessary. We will
choose the coupling strength g comparable to the experimental values [25].
This allows us to use the rotating wave approximation. Additionally we
only have to consider pure dephasing in the SSET because we focus on low
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frequency noise. The total Hamiltonian is given by,

Hy = Hg + He + Hg, (4.67)
Hqg = Hsspr + Hy + H,, ,

H, = glao, +a'o_),

He=Hyp+H,+Hp.

To be able to describe low frequency noise we will treat the respective cou-
pling nonperturbatively. Instead we will perform a perturbation expansion
in the coupling between oscillator and SSET. To do so we use the polaron
transformation,

U, = exp Baz Z Z’i (bZDT - b?)} . (4.68)

The resulting Hamiltonian is given by

Hy =U,HyUl = Hg + He + Hy, (4.69)
Hqg = Hsgpr + H.,
Ho=Hgy + H, + H,g,

The transformed reservoir Hamiltonian Hp contains an irrelevant energy shift
and the dephasing is now contained in the coupling between SSET and os-
cillator. The new part of the coupling Hamiltonian H is given by

Hy =g (AYT+ A'Y) | (4.70)

where A = ao, and the polaron operator Y is given by

TP t
Y = exp ZWZD (bZD —i—b?)

. (4.71)

(2

The polaron transformation effects the quasiparticle tunneling H, as well.
However, for each quasiparticle transition we gain the energy eV'. The trans-
port voltage is much larger than the fluctuations of the energy levels of the
SSET. Therefore we can neglect the influence of dephasing on the quasipar-
ticle tunneling.

The coupling Hamiltonian consists of three parts and accordingly we get
a master equation of the form

p=—i[Hg,pl + Lepp + Lup + Lyp. (4.72)
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where Ly, and L, are the Lindblad operators describing the quasiparticle
tunneling and dissipation in the oscillator, respectively. The derivation of
these terms has been discussed in section 4.3.2. It should be noted that the
product base of SSET and oscillator states is the eigenbasis of Hg. Therefore
Ly, and L, can be derived as second order expansions of H,, and H, on the
Keldysh contour without any additional approximations.

The Lindblad operator L, represents the coupling between oscillator and
SSET,

:
Lop :XE (24pAT — ATAp — pATA)

1
+ X? (24T pA — AATp — pAAT) . (4.73)

We can derive it by expanding the time evolution of the density matrix on
the Keldysh contour up to second order. An expansion of polaron operators
has been discussed in section 3.3. The operators have to be disentangled in
separable and inseparable diagrams, which we can add up in the form of a
Dyson equation. We will discuss higher order terms in section 4.4.2, where
we will see for which kind of spectral density our expansion is valid. The
prefactors x!/! are directly linked to the properties of the reservoir,

X = / QY (1) (0)ye= Dol /2ot (4.74)

xH= /dt(Y(t)YT(()»e—folt/26—z'6wt_

We have to evaluate the correlators of the polaron operators at the energy
difference +dw, because the operator A can only cause transitions between
the states | T)|n) and | [)|n + 1). As a result of the quasiparticle tunneling
we get an additional energy broadening Iy/2. This has been discussed in
general in section 3.4 and we will discuss it for our specific system in section
4.4.3. The result for the polaron correlator (Y (¢)Y(0)) is well known from
P(E)-Theory [49],

(Y ()Y (0)) = exp <1 /OOO dw‘](i) l(coswt - 1)coth%°" —ismwt]) ,

(4.75)

where J(w) is the spectral function of the reservoir. Voltage fluctuations
caused by the coupling to an external impedance are a major source of noise
for a SSET. By analyzing the phase-phase correlation function [49] it is pos-
sible to connect the spectral function to the impedance,

J(w) = 2wReZ;(w) . (4.76)
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Independent of the exact form and coupling of the impedance it always con-
sists of an effective resistance R, an effective capacitance C' and an effective
inductance L. As we have discussed in section 2.1 we have to consider the
impedance as seen from the quantum system. This gives us

ReZ;(w) B r
R @forP (0~ (o)) (.77)

where wg = 1/RC, wy, = 1/(LC)Y2, r is the normalized resistance R/Ry
and Ry is the resistance quantum. It should be noted here that we can use

this description to model a broad range of spectral densities. It is therefore
not strictly necessary that our dephasing is caused by voltage fluctuations.

4.4.2 Noise Spectra

In section 3.3 we have presented a diagrammatic expansion of the time evo-
lution of the density matrix for coupling to a bosonic reservoir via a polaron
operator. The Lindblad operator L, (4.73) is the result of a second order
expansion. In this section we will analyze higher order diagrams, to see for
which kind of spectral density our second order approximation is valid.

We will discuss a spectral density peaked at low frequencies. This is
exactly the type of spectral density where we have shown in section 3.2.6
that an expansion of the coupling to the bath diverges. We choose a system
with no inductance. Here the effective impedance becomes

ReZ;(w) r

R = o1 (4.78)

This is a Lorentzian function peaked at w = 0 with width wg. For large
resistance r the function will be high and narrow. In that case we can expand
the exponent in eq. (4.75) in orders of fw,

Sw)

2 (coswt —1)| (4.79)

(Y ()Y (0)) = exp [2 /0 " dw

where in the limit kT > wpg the spectral density is given by

. w%’r kBT

S(w) = (4.80)

w? 4+ w?

We can identify this spectral density with our choice in section 3.2.6; the
height is given by the product of the temperature kg7 and the resistance r,
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Figure 4.16: A fourth order diagram. The wiggly lines correspond to (Y (¢')YT(¢))
and (Y (t2)Y1(t)). The dashed line corresponds to F(t',t1,t,t).

i =rkgT, and the width is determined by the RC cut-off frequency, A = wg.
A direct expansion in the coupling would diverge as soon as we get

rkgT > WR . (481)

This is different for the polaron expansion. We can evaluate eq. (4.75) for
rkgT > wg and get

(Y(t)Y(0)) = exp (rkgTwgt?) . (4.82)

For diagrams with overlapping contractions to converge it is enough if the
correlator has a decay rate larger than the coupling strength. This means we

get convergence for
gV (n) < VkpTrwg. (4.83)

The height of our noise spectral density increases linearly with r and the
width decreases linearly with r. From this we could get the impression that
we can describe noise for any value of the external resistance. This would
also mean that we can describe noise with a delta function shaped spectral
density. However, as we have shown in section 3.3, there are additional
inseparable diagrams for the expansion of polaron operators on the Keldysh
contour. An example for one of those diagrams is shown in fig. 4.16. This
type of diagram has to be considered, and it will give us a limit for the
minimal width of the spectral density.
The time dependent part of the diagram shown in fig. 4.16 is given by

/ 'ty / " / P Y O ()Y (1) x Pt o t) . (484)
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We already know the results for the pairwise correlators and it is straight
forward to find an explicit form for the connector,

2) cosw(T) — Ty) sinwAty sinwAty | — 1,
w

F(t' ty,ty,1) = exp {—/ de d
0
(4.85)

where we have defined Aty = t; —t/, Aty =t —ty, Ty = (' +¢1)/2 and
Ty = (t + t2)/2 (see fig. 4.16 for an illustration of these timescales). The
relevant times scale for At; is given by the decay time of the relevant pairwise
correlators, 1/+/r kgTwpr and the width of the spectrum is defined by wg. We
are interested in the limit of the expansion for r kgT > wgr. Accordingly we
have

wr K \/rkgTwr =

In this limit we can expand the exponent to the first order in At;,

WR
1. 4.86
T]i]BT < ( )

F(t/, t, 1o, t) _ 6—2At1At2 Jo7 S(w) cos[w(T1—Ta)] _ 1, (487)
— 6—7“kBTwRAtlAtge_wR(T2_T1) . 1

Here we see that the decay time for the function F(t',tq,t,t) is essentially

given by wg, because on this time scale the exponential function will become

one. Therefore the whole diagram is of the order of g*/rkgTw?. If we

compare this scale with the first order diagram, which we want to keep, we

get the expansion parameter

g g
1> ——=. 4.88
T kBTwR WR ( )
As expected, the shape of the spectral density can not be arbitrarily narrow
in energy space. This result is not limited to a Lorentzian spectral density,
but is valid in similar form for all spectral densities centered around zero.

4.4.3 Energy Broadening

In section 3.4 we discussed the effect of a fermionic reservoir on the rest of
the system. In this section we will choose our parameter range such, that the
quasiparticle tunneling is larger then the rates for photon transitions. This
will allow us to find an explicit expression for the propagator II%  which
represents the time propagation of the reduced density matrix for a quantum
system coupled to a quasiparticle reservoir.
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Figure 4.17: A second order diagram corresponding to the transition between the
state | T)|[n—1) and | |)|n). The time evolution along the Keldysh contour is given
by I19P.

To do this, we solve the master equation containing only the Lindblad op-
erator representing quasiparticle transitions (see eq. (4.48)). From the first
two terms in eq. (4.72) we can derive an explicit expression, for the propa-
gator I1% which is needed to calculate the Lindblad operator corresponding
to X(t',t) in eq. (3.65).

The Hamiltonian H, allows transitions between the states | 1)|n) and
| 1}|n+1). We will only keep second order diagrams in the polaron expansion.
A example for such a diagram can be seen in fig. 4.17. We see that we need
the propagator H?f)n/lanrlﬂT,n/LnH(t,’ t), where we assume that the density
matrix element p; /| n41 is not coupled to any other matrix elements. This is
reasonable because the rotating wave approximation applies. The propagator
is given by

i0w(t—t')— L Io|t—t'
Pronflas () = eI g (). (4.89)

Using this time evolution we can calculate the prefactor for the Lindblad
operator given by eq. (4.74).

The decay of the second order diagram shown in fig. 4.17 corresponds to
the decay rate of the polaron correlator (Y (¢)Y(0)). We model the noise as
a coupling to an external impedance. If the impedance becomes small, the
decay rate of the polaron correlator decreases as well. This would mean that
our expansion on the Keldysh contour would diverge for small impedance
because the decay time of the correlator becomes smaller than the coupling
g\/@ . However the energy broadening introduces an additionally decay
rate, given by Iy/2. Therefore even for small coupling the expansion on the
Keldysh contour will not diverge as long as Ip/2 > g\/@ . This condition
correspond well to the parameter range used in the experimental realization
of the SSET-maser [25].
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4.4.4 Analytical Solution in the Classical Limit

For large temperatures and large resistance we can expand the exponent of
the correlator (Y (¢)Y(0)) in orders of fw. If we only keep the lowest order
the correlator simplifies to

e sin?(wt/2)
(Y(t)Y(0)) =exp (/ de(w)i) , (4.90)
0 (w/2)?
where the spectral density is defined as
r /{?BT
= . 4.91
= Canp 11 o
The integral can be solved exactly and we get

kgTmr

(Y ()Y (0)) = exp gwR (1—erld —wglt]) | . (4.92)

The fact that the correlator is now symmetric in time allows us to simplify
the corresponding Lindblad operator to

Lyp zg [(2ApAT — ATAp — pATA)
+ (24TpA — AATp — pAAT)] (4.93)
where y = x| = x'.
Exactly as we did in section 4.3.4 we want to derive an effective equation
for the probability distribution of the number of photons in the oscillator

pn = (n|Trssprp|n). We do this by tracing out the degrees of freedom of the
SSET in eq. (4.72),

pn = (0| Trsser { Lapp + Lyp} (1) + (0| L Trssprpln) - (4.94)
The transitions between the states of the artificial atom are given by

prn = losin?Epy 4 Iy cos® Epy = Topun (4.95)
Pran = To cos* Eprn + X(n + 1)ppns = (Tosin® &+ x(n +1)) prn
P = Tosin® Eprpn + Xnppa-1 — (Io cos? & + x(n + 1)) Plns

where we used the abbreviation p;, = pin/in» for the diagonal elements of
the density matrix. Using the relation p,, = p1, + p1.n + p,n We can form a
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closed set of equations ,

i < Prn—1 ) _ ( a1 n XN ) < Prn—1 ) + < ﬁlpn—l )
dt \ pin XN Qon Pin Bopn )

_ Io(cosdE+7)

n= —Xxn, 4.96
o, 4(cos 2¢ + 3) xn (4.96)
Ip(cos4E +7)
Qop = —F—7—— XN,
> 4(cos 2§ — 3) X
21y cos* &
b=
3 + cos 2¢
21y sin® ¢
By = oS &
3 — cos 2§
(4.97)

This set of equations can be solved in the stationary case and we get an
equation for the effect of the artificial atom on the oscillator

P = (L) + KkRyn) pp_s (4.98)
— (Thq + T, 4 kAg(n+ 1) + k(7w + 1)n) py,
+ (Toy + 6y + 1) (n+ 1)) ppsa

where T'7 = T'r,, cos* € is the rate increasing the number of photons, ', =
I'rp sin? ¢ is the rate decreasing the number of photons and

U = 8Igxn/ [Io(cos4€ + 7) + 24xn] . (4.99)

For 6Ny, > 0 we have a net increase of the number of photons, because
cos§ > siné. The rate I'r,, is directly proportional to x. Eq. (4.98) can
be solved for all n,,, but we will focus here on the case n, = 0. Under this
condition we get for the density matrix

(67

n = polli_ -, 4.100
P Poll;—g ,8 +4 ( )
1y cost ¢
- 3k
I, sin* Iy(cos4é + 7
g To § n o(cos4é +7) 7
3K 24

where pg is a normalization constant.
The result for the density matrix has exactly the same form as it had for
the case discussed in section 4.3. Therefore the results for the average photon
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number (n), the Fano-Factor F' and the current I have the same form as the
results given by eq. (4.61), (4.62) and (4.63), respectively. In the same spirit
we can calculate a simplified expression for the photon number and the Fano
Factor. We get

Nomaz = O — 3= Ngat — 0, (4.101)
Iy cos 2¢
Nsat = — >
3K
In(cos4E+7)
0= ——- )
21 X

This corresponds very well to the average photon number if n,,,, > 1. We
see that for strong coupling we get again saturation, with the number of
photons being ng,;. In the same limit, we can calculate an approximation for
the Fano-Factor which is given by

o * Iycos* ¢

pry Rl — (4.102)
That is equivalent to the result for the Fano-Factor in section 4.3.4. We
can actually show that for a broad spectral density the stationary photon
distribution p,, (4.100) we obtained in this section, is equivalent to eq. (4.60),
the result obtained in section 4.3.4. One should note, that for a complete
description of charge noise with a broad spectral density, we would have to
include transversal coupling to the reservoir. However here we only want
to demonstrate the equivalent of two descriptions of dephasing. We use the
explicit results for the correlator (4.92) to estimate x for a broad spectral
density r kgT < wg. In this case we get

(Y ($)Y(0)) = exp (—r kpTlt]) , (4.103)
= exp (=D|t]) ,

where D is the strength of the effective dephasing. Using this correlator it is
very simple to calculate the factor y explicitly,

9E;\* 2D+ 1y/2)
(AE) 5ot + (Dt Io/2)? (4.104)

From this we get an average photon number and photon distribution exactly
equivalent to eq. (4.64) and eq. (4.60), respectively. We see that because
Iy > vy, the size of the coupling determines the number of photons. This
means we should see the maximum of the photon number close to the point
of the maximum of the coupling. From dag x = 0 we get

AE = i <3w + /2 202D+ 10)2) . (4.105)
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Figure 4.18: The average photon number (n) as a function of the gate charge
ON¢. A comparison of three different noise spectra for D = I';/2 = 0.09. black:
a flat spectral density, red: a narrow spectral density, blue: quasistatic noise. For
the parameters: Ej;/Ec = 0.2, g/Ec = 0.004, w/Ec = 0.4, Iy/Ec = 0.0325,
k/Ec = 0.00005.

The maximum in the photon number shifts to smaller qubit energy splitting
AFE < w. This corresponds well to the results we can observe in fig. 4.15.

Now we analyze the exact opposite limit of a narrow but high distribution,
corresponding to r kgT > wg. In this case the correlator has a Gaussian form
and is given by eq. (4.82). We define the effective strength of the dephasing
as D = \/r kgTwg. In this case we can also obtain an explicit expression for
the prefactor

£\2
X = (gA—g) G(dw) L(dw), (4.106)
B ﬁ65w2/2D2
G(dw) = 5D 7
L(dw) = lei(g;) erfc <%) L5 erfe <IO Z;lﬁsw)} el3/160%

where G(0w) is a direct result of the Gaussian shape of the correlator (4.82),
L(dw) is an additionally function which we get because of the energy broad-
ening e 10M/2 and erfc(x) is the complementary error function. For strong
dephasing the shape of x is mostly determined by the shape of the Gaussian
function G(éw) and the effective coupling between SSET and oscillator g.
For the broad spectral density the maximum in the photon number is not
directly at resonance, dw = 0, because of the decay of the coupling g with
the energy splitting AFE. This is the case for a narrow spectral density as
well. From dap g° G(w — AE) = 0 we get

ABpy = (w + m) . (4.107)

N | —
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Here we see again that the maximum is shifted to smaller AE. However the
shift is stronger than for the broad spectral density (4.105).

The average photon number (n) as a function of the gate charge § Ng for
different types of noise spectra is shown in fig. 4.18. We show results for a
broad spectral density, for a narrow spectral density and for quasistatic noise.
To calculate the quasistatic result we take the result for the average photon
number, choose D = 0, and take a Gaussian average as shown in section 3.5.
The width of the quasistatic distribution has been chosen in such a way that
it coincides with the width of the polaron correlator for a narrow spectral
density. It should be noted that the effective dephasing strength D can not
be directly compared for the broad and narrow noise spectra. For D = 0 the
maximal number of photons would be much larger than our results in fig.
4.18 and the width of the peak would be determined by Iy/2. As predicted
by eq. (4.105) and eq. (4.107) the maxima in the photon number is shifted to
smaller ) N and this effect is stronger for low frequency noise. The photon
number is strongly suppressed for quasistatic noise, but the peak is also much
broader then for the other kinds of noise. Interestingly for quasistatic noise
the maxima in the photon number is directly at resonance, AE = w. This is
the case because the average photon number without noise has a very sharp
peak at resonance.

4.4.5 General Analytical Solution

If we are not considering the classical limit we have y! # y!. We can inco-
operate this into the derivation of the distribution of the density matrix. Eq.
(4.96) becomes

i Pr,n—1 _ [ %n Xln Prn—1 + B1Pn—1
dt \ pin X'n ooy, Pl Bapn )’
_ Io(cos4E+7) |

n=—— o — , 4.108
. 4(cos 26 + 3) o ( )
_ Io(cosdE+T7)

W T dleos2e —3) M

21y cost &

bh=gT—5>
3+ cos 2¢
21, sin?

3 —cos2¢
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This set of equations can be solved in the stationary case and we get an
equation for the effect of the artificial atom on the oscillator

pn = (T)F + KkAn) pn_ (4.109)
— (Of + T, 4+ kn(n+ 1) + w0+ 1)n) p,
+ (T + R+ 1) (0 + 1)) prga

where TV = Ty, x"cos?E, is the rate increasing the number of photons,
[, = T, x! sin® € is the rate decreasing the number of photons and

8 (Io(cos4€ + 7) 4 4(cos 26 — 3)(x* — x")n)
(cos4€ 4+ 7) (Lo(cos4E + 7) + 4(cos 2 + 3)x*n — 4(cos 3§ — 3)x™n)
(4.110)

FT,n =

Eq. (4.109) can be solved in the stationary limit. The rates in eq. (4.109)
differ from the effective increase and decrease rates in sections 4.3.4 and 4.2.2.
The rate I'r,, (4.110) depends on the photon number in a way that makes it
impossible to cast p, into the simple form used in eq. (4.100). For n, = 0
the explicit form for the density matrix is given by

n @1 + Oég’i
Pn = poﬂizom ) (4.111)
1
ay = glng cos? E(cos4€ + 7)),
1
g = 5[8()& —x")x! cos* €(cos2¢ —3),

pr = 6_14]04(COS4§+7) (Tk+ (3 —4cos28)x' + (k+xY)) ,

Bo = 1_16 o (K(7 4 cos 4€) (X' (3 — cos 26) + x*(3 + cos 2¢))

+8x (" = x")(3 + cos 2¢) sin€) .

Adding a term that grows with the index 7 in the enumerator has a similar
effect then adding a temperature in p,, (see e.g. eq. (4.96)).

The size of ap depends on the difference y' —y!. For x! > x! the constant
oy becomes negative and approaches zero for y! — 0. For x! = 0 we have
a1 = 0 and the photon number is obviously zero as well. The effect of having
different rates x' and x! can be analyzed close to a point where these two
rates are rather similar

+

X (4.112)
X _
X -

S )

)
J

XT
Xl

)<
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Using this approximation we can again find the maximum of p,, and expand
it to first order in 6. We get

I 26 (TK? 4 7) — 16 — 28)) -
Naz,s = Mmax 0508 6 ( n (COS g + ) X(X rneos8 g))(; s (4113)
’ 144K x?

where Ny 18 given by eq. (4.101).

For this result to be valid we have to have a large number of photons,
therefore it is necessary that x > k. This means that the correction we
get from unequal rates is negative if y* > x! and it is positive if x! < xI.
This is exactly as we would expect it, as it is the rate x! that increases the
number of photons in the oscillator. By tuning our system to 0 Ng > 0 we
create population inversion in the SSET. Therefore the number of photons
will mostly depend on the size of X', the rate for a transition from the state
| T,n) to | L,n+1).

4.4.6 Strong Resistive Noise

In this section we will analyze the system for purely resistive noise. Resistive
impedance has been already discussed in section 4.4.6 for large temperatures.
The impedance defined by eq. (4.78) becomes very broad as a function of
frequency for small resistance R < Rg. Additionally the noise strength is
reduced. The effect of such a type of noise is essentially covered by our results
for pure dephasing in section 4.3.4. For large resistance the impedance is a
very narrow function of frequency and we can approximate it by (7/C)d(w).
This means that the relevant correlator becomes

(Y ()Y (0)) = exp (—ec [it + kgTt?]) , (4.114)

where ec = €2/2C is the charging energy of the effective impedance. For the
prefactors in the Lindblad operator L, (4.73) we get

X' = 72G(6w — e0) L(dw + €¢) (4.115)
x' = 2G(6w + ec) L(dw — e¢) .

The energy shift +ec, shows that in every transition described by L, the
quantum system transfers an extra amount of energy, given by the charging
energy €c, to the environment. This is the major difference to the prefactor
in the classical limit (4.93) where we implicitly assumed the temperature to
be larger then the charging energy, kg1 > ec.

In fig. 4.19 we see how the peak in the photon number shifts to larger
detuning for a sufficiently large ec. Fig. 4.19a) shows the coupling constant
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Figure 4.19: The prefactor x! and the prefactor divided by the effective coupling
between oscillator and SSET x'/g?, as a function of the detuning dw. We have
chosen a large charging energy, ec = E¢. black line: r = 0.1, red line: » = 0.4, blue
line: » = 0.7. For the parameters: F;/Ec = 0.2, g/Ec = 0.004, I/Ec = 0.0325,
k/Ec = 0.00005, kgT/Ec = 0.35.
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Figure 4.20: The average number of photons (n), the Fano-Factor F' and the
current I as a function of the gate charge dNg. We have have chosen a small
charging energy, ec/FEc = 0.05. black: r=0.06, red: r=0.21, blue: r=5. For the
parameters: F;/Ec = 0.2, g/Ec = 0.004, Iy/Ec = 0.0325, k/Ec = 0.00005,
kgT/Ec = 0.35.
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x! as a function of 6 Ng. For small resistance we get the expected sharp peak
at resonance. As resistance increases the hight of the peak drops significantly.
The small temperature in this particular case leads to a coupling constant
that is strongly suppressed for AF < w, as there is no additional energy
available from the reservoir. For large resistance we see the peak of the
resonance shift to larger detuning. This is the case, because we now need
the energy w + €¢ to create a photon. The charging energy is absorbed by
the environment. If we compare figures 4.19a) and 4.19b) one can see the
effect of the decay of g with AFE. This can have a significant influence on
the average photon number, as we have discussed in section 4.4.4.

The classical case can be seen in fig. 4.20. Here €c is smaller then the
temperature and a shift to larger detuning is not visible. Overall, we see a
decay in the photon number with increasing resistance. At the same time the
peak shifts, as predicted, to smaller § Ni. The Fano-Factor shows the typical
behavior for lasing, and the minimum corresponds to the maximum of the
photon number. The current has an extra peak at the photon resonance,
but the JQP current does not change as it did for dissipation in the SSET,
discussed in section 4.3.3.

4.4.7 Coupling to a Single Mode

In this section we will study the coupling of the SSET to one single envi-
ronmental mode. Such a mode might come from a resonance in the lead
impedance or might be associated with a molecule in one of the tunnel bar-
riers.

The environmental mode is modeled by putting an inductance L into
the external circuit. This means that the effective impedance defined in eq.
(4.77) becomes

ReZ;(w) oo
“h ~ ¢ Vw—wr) +dwtw)]. (4.116)

The integral in eq. (4.75) can be solved by replacing w with w;. We can
expand the correlator in Bessel functions

(Y(t)Y(0)) = exp (Z—C coth [ﬁwL/Q]) (4.117)

L

X Z I (WL e [ﬁw /2]> exp (kfBwr /2) exp(—ikwr) .
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Using the ascending series of the modified Bessel function

( ) f:m:fllw (4.118)

we can rewrite the sum in eq. 4.117 as the sum over [ = m+n and k = n—m,

NN in—m)w
(Y)Y (0)) = exp(—[ns +n-]) n';!n!e (nomert (4.119)
. €C +1
T e 1

Together with the energy broadening Iy/2 the Fourier transform of this cor-
relator is given by

nynt 21y/2
min! (6w — (n —m)wr)? + (1p/2)?

(4.120)

x' =g exp(=[n+ +1n-])

m,n

where ! is given by replacing dw with —éw in x!.

We see that for small resistance we get a sum of Lorentzian peaks at
multiples of the resonance frequency of the environmental mode. The peaks
are Poisson distributed. For small temperatures, n, — 0, we have a Pois-
son distribution where the peak is determined by ec/wp. If we have ec >
wy, the overall distribution is strongly suppressed because of the prefactor
exp(—[ns +n-]). In this case we will have only a small number of photons in
the oscillator. For the opposite case, ¢ < wy, the largest Lorentzian peak
is directly at the normal resonance condition w = AFE.

In fig. 4.21 we show the case e¢¢ < wp and as predicted the largest
peak in the photon number can be found for AE = w. We have chosen a
significant temperature such that there is a peak for AE = w—wy,, where the
extra energy is provided by the reservoir. For small resistance, three clearly
distinct peaks are visible in the photon number and in the current. As the
resistance increases the number of photons decreases and as each individual
peak becomes broader, it becomes difficult to distinguish them.

We can see results for e > wy, in fig. 4.22. As expected the total number
of photons is strongly suppressed in comparison to fig. 4.21. Again we have
chosen a significant temperature such that we have a peak at AF = w — wy,.
It is interesting to note that this peak is larger then the regular peak at
AFE = w. This is an effect due to the decay of the coupling constant g.
Because of the strong suppression of the photon resonances, the peaks in the
current are hardly visible. As the resistance increases we see that lasing is
suppressed very quickly.
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Figure 4.21: The average number of photons (n), the Fano-Factor F' and the
current I as a function of the gate charge dNg. We have have chosen the induc-
tive frequency wr/Fc = 0.1. black: r=0.001, red: r=0.003, blue: r=0.009. For
the parameters: ec/Ec = 0.05, Ej/Ec = 0.2, g/Ec = 0.004, Iy/Ec = 0.0325,
k/Ec = 0.00005, kgT/Ec = 0.35.
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Figure 4.22: The average number of photons (n), the Fano-Factor F' and the
current I as a function of the gate charge § Ng. We have have chosen the inductive
frequency wy/Ec = 0.1. black: r=0.001, red: r=0.003, blue: r=0.009. For the
parameters: ec/FEc = 0.2, Ej/Ec = 0.2, g/Ec = 0.004, Iy/Ec = 0.0325, k/Ec =
0.00005, kpT/Ec = 0.35.



Chapter 5

Photon-Number Squeezing

In driven oscillator systems, depending on the type of driving, different
nonequilibrium photon (or phonon) populations can be produced, and indeed
for many applications the production of specific photon number distributions
is crucial. Quantum cryptography and linear optical quantum computation
require a supply of single photons [33, 71|, while for quantum measurements
it may be of advantage to use strongly squeezed photon distributions [67].
A well-known optical system where squeezed distributions can be created is
the micromaser [72]. Here we describe how highly squeezed photon number
distributions, close to a pure Fock state (see fig. 5.1), can be produced in
superconducting quantum circuits.

Recent experiments with superconducting qubits coupled to electromag-
netic resonators (“circuit QED”) confirmed concepts developed in the field of
cavity QED but also demonstrated extensions, e.g., to the regime of strong
coupling [73, 20]. A Josephson qubit, ac-driven to perform Rabi oscillations
in resonance with an oscillator, depending on the detuning either cools the os-
cillator or produces a laser-like enhancement of the photon numbers [24, 23].
Similarly a superconducting single-electron transistor (SSET) biased at the
Josephson quasiparticle (JQP) cycle, where the current is carried by a com-
bination of inelastic quasiparticle and coherent Cooper-pair tunneling, can
be used to drive an oscillator [25, 74, 75]. We discussed this at length in
chapter 4. Squeezing of the photon number distribution has been predicted
in section 4.2.1 but we have shown analytically in section 4.2.2 that it is only
a weak effect that will be destroyed by a small temperature. In this sec-
tion we show that the gap structure of the quasiparticle tunneling rate (see
inset of fig. 5.1), which abruptly cuts-off transitions increasing the photon
number, in combination with an anharmonicity of the oscillator, can produce
strongly squeezed photon number states. Our mechanism bears similarities
to schemes where squeezed photon distributions are created by controlling

93
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Figure 5.1: A strongly squeezed distribution p, of photon number states in a
Josephson junction-L-C' oscillator driven by a SSET obtained for éNg = 0.1,
eV =56, A =22 g=001,w=04 Q=0001, E; = 0.1, s/(Ec/e®R) =
0.004 (all energies in units of E¢). Inset: Energy dependence of the quasiparticle
transition rate and energy differences for two transitions, AE, = Ey ,—E_,+eV.
Due to the anharmonicity of the oscillator they lie above and below the threshold.

the mechanism of pumping [76]. We find a stronger effect by exploiting the
sharp step in the tunneling rates. Our mechanism differs more fundamen-
tally from parametric down-conversion [30, 31|, a squeezing mechanism well
known from quantum optics. We will discuss the parametric oscillator as an
example for dynamical tunneling in more details in section 6.

In the first subsection we will discuss for which choice of parameters we
can produce a strongly squeezed distribution. This will be done in the limit
of strong coupling, similar to the regime discussed in section 4.2.1. We will
then discuss how stable the squeezing effect is, if we increase the incoherent
quasiparticle tunneling and if we consider 1/f noise. In the third subsection
we will discuss a method to produce the necessary anharmonicity by using
inductive coupling, and calculate results for this case in the last subsection.

5.1 Strong Coupling

The system consists of a SSET coupled to an anharmonic superconducting
(see fig. 5.2) or nanomechanical oscillator. The SSET is formed by a super-
conducting island coupled via low-capacitance tunnel junctions to two super-
conducting leads. The SSET is tuned to the regime of the JQP cycle, where
the current is carried by a combination of Cooper pair transfer through one
junction onto the island followed by two consecutive quasiparticle tunneling
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Figure 5.2: A SSET with Josephson coupling Fj and quasiparticle tunneling rate
proportional to V/eR is controlled by the transport voltage V' and the gate voltage
U. It is coupled with strength g to an anharmonic oscillator. The oscillator’s
dissipation is characterized by the parameter x. The sign of the anharmonicity
can be controlled by the flux ®.

processes through the other junction. The energy for this process is provided
by the voltage source. We discussed this system without anharmonicity in
the oscillator in several different limits in chapter 4. In this section we will
stay in the limit of strong coupling that has been studied in section 4.2.

The charge on the SSET is coupled capacitively, with strength character-
ized by g, to an anharmonic oscillator. This oscillator can be realized, e.g.,
by a circuit combining a capacitor, an inductor, and a non-linear element
such as a Josephson junction [29], as shown in fig. 5.2. It is also possible
to use nanomechanical oscillators with a positive anharmonicity (as studied,
e.g., in Ref. [77]).

Thus the coherent dynamics of the coupled SSET and oscillator is de-
scribed by the Hamiltonian

Hg = Ec(N — Ng)* — Ejcos (1)
+g(N —1) (af +a) + wala +Q (ala)” . (5.1)

which is equivalent to eq. (4.1) only that we add an anharmonicity to the
oscillator and the voltage difference across the right junction will be included
in the quasiparticle tunneling rates. The anharmonicity €2 is weak, with
Qn?) < w(n). .

We tune the gate charge close to one of the symmetry points, |0 Ng| < 1,
where dNg = Ng — 1, such that only the charge states N = 0,1,2 are of
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importance. The two even states, N = 0,2, are Josephson coupled to form
the basis states | 1), | |) ,defined by eq. 4.2 with energies

1
By = (1+0N2)Ec + 5\/@% + 160N2E.. (5.2)

The odd state |V = 1) has energy Ey = EcdNg.

The SSET is coupled to the anharmonic oscillator with bare energy
Eose(n) = wn + Qn?. We assume the system to be operated in the regime
of vacuum Rabi oscillations where the energy difference of the SSET states
AFE = E;—E| is close to w . For weak detuning éw = w—AFE the eigenstates
of Hg are, similar to the dressed states defined by (4.22),

[+, n) = sinn| T)|n) + cosn| [)|n+1), (5.3)
|—,n) = cosn| T)[n) —sinn| [)[n+1).
(5.4)

The rotation with tann = 2gv/n + 1/0E(n) depends on the effective detun-
ing, 6E(n) = dw + Q(2n + 1), and effective coupling, g = g(T [(N —1)| ]).
In addition, the states |[N = 1)|n) with a single excess charge on the island
are approximate eigenstates. The energies of these states are given by

1 1
Eip=FE; 4 Eoe(n—1) + 5<5E(n) + 5\/4g2n +6E(n)?,
El,n - El _'_ Eosc<n> . (55)

In addition to the coherent dynamics, governed by Hg, the system evolves
due to incoherent quasiparticle tunneling in the SSET and dissipative pro-
cesses in the oscillator. These effects are described in the frame of a Liouville
equation for the reduced density matrix of the composite system. Assum-
ing the transition rates to be weak compared to the energy spacings we can
use the rotating wave approximation and neglect off-diagonal elements. The
probability of the system to be in the state |i) evolves then according to the
master equation

pi= Y (Timip; —Tisjpi) - (5.6)
J
The transition rates I';; = 7", + I'f; account for the two dissipative

processes. Both have been discussed earlier and are given by eq. (4.20). At
low 7" we need to consider only transitions where energy is gained, AE;_,; >
0. Due to the gap in the DOS the rate vanishes for AE;_; < 2A, but
jumps to a finite value if AE;_,; > 2A. For an anharmonic oscillator this
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Figure 5.3: Energy differences AFE;, .+, versus photon number n for the pa-
rameters dw, €2 and g as used in fig. 5.1. Also shown is a cycle of transitions,
which increases the number of photons. Dashed arrows correspond to the rate
I’(fiﬂ + ,, and solid arrows to the rate I’qﬁnﬂl,n 41- Vertical transitions are due to
the dissipation decreasing the number of photons.

energy difference depends on the photon number n. Hence, with varying n
the threshold may be passed, beyond which the transitions vanish abruptly
(as shown in fig. 1.)

If the transport voltage V' is large compared to the gap, the number of
photons in the oscillator increases for positive d Ng, until a balance between
driving and dissipation — which is proportional to n — is reached. The dis-
tribution of photon numbers is peaked around an average value n,,ax < v/k
(see eq. (4.27) and eq. 4.64), and the Fano factor F = ((n?) — (n)?)/(n) is
slightly smaller than one (see eq. (4.30) and eq. (4.31)). In this situation
one observes some photon number squeezing, however it is weak and easily
destroyed by temperature. For negative detuning d N the SSET, similar as
an ac-driven qubit, can serve to cool the oscillator.

The energy differences for the transitions are given by

1
AEl,n—»:l:,n = ET - E1 —eV + §5E(’I’L + ].) (57)

L %\/4572(71 T+ PEm+ P

With decreasing voltage an increasing number of transitions are pushed be-
yond the threshold at AFE;_,; = 2A. The most interesting case is shown
in fig. 5.3, where the cycle stops beyond a certain number of photons. We
describe now how to tune the system to this situation.

Strong squeezing requires that the energy difference AE, ,,_,_ , increases
with growing photon number n (as is the case in fig. 5.3). This is the case if

Q> % <5w + /2% + 5w2> , (5.8)
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Figure 5.4: Average photon number (n) and Fano factor F' versus oscillator fre-

quency w and gate charge 0 Ng for transport voltage (in units of E¢) eV = 5.6,
g =0.01, Q =0.0005, E; = 0.1, and x/(Ec/e’R) = 0.02.

independent of n. We can see that for negative detuning, dw < 0, an anhar-
monicity smaller than g is sufficient.

Squeezing can be observed below a certain threshold for the transport
voltage. For large n there is a limiting value for AE}; ,,_._ ,, which has to be
larger than —2A; otherwise the rate never gets cut-off. From this we get a
condition for the voltage

> (5B(1) - VAZ T BEE) <oV < /20, (5.9)

with edV = eV — 2A 4+ Ey — E;. The left hand inequality, in addition
guarantees that excitations are created if we start at n = 0. If both conditions
(5.8) and (5.9) are met, the rates are cut-off at

edV (edV — dw + )
> +2e0V Q)

Neut = (510)
In order to have a significant effect of the cut-off, we also require that
Nmax > Neut-

We can optimize the system by choosing negative detuning, dw < 0,
precisely in a way that the system is in resonance at the cut-off, § E(ncy) = 0.
This means

dw = Q[1 —2(edV)? /g% . (5.11)

In this case we get ney = (edV)?/g%

To cover a wider range of parameters we solved numerically for the sta-
tionary distribution of eq. (5.6) in the product base of the charge states
N =0,1,2 and many photon number states (n < 200) sufficient to guaran-
tee convergence. Fig. 5.4 shows the average photon number and Fano factor.
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The maxima in (n) and minima in F' correspond to w = JF or higher order
resonances. The results resemble those of section 4.2.1; the main difference
is the strong squeezing in the upper right corner of fig. 5.4 (b), where the
conditions (5.8) and (5.9) are fulfilled.

Fig. 5.1 shows the probability distribution for the oscillator states p(n) =
Tr(p|n)(n|) for parameters satisfying eq.. (5.8), (5.9) and (5.11). In this case,
due to the cut-off, the Fano factor is particularly small, F' =~ 0.01. The rates
are cut at n = 7, leading to a sharp maximum of p, at n = 6 followed by a
sudden drop. Note that even above the drop p,, does not vanish completely,
since the transition rates (4.20) evaluated with the exact quantum states still
allow for weak transitions.

So far we considered low temperatures, lower than all characteristic fre-
quencies. With increasing temperature, as long as the gap in the density of
states and the step in the quasiparticle transition rates remain sharp, mostly
the transitions in the oscillator are modified. However, their effect is weak
as long as k is small, and the strong squeezing persists even for kT ~ w.
Additional sources of noise, like charge noise generate transitions between
the states |+, n) with almost no consequences on the squeezing. This has
been discussed in section 4.2.3. In the next section we will discuss the effect
of 1/ f noise on squeezing. This type of noise can cause slow fluctuations in
the transport voltage V', and this in turn will cause fluctuations in the cut-off
Nyt -

The cut-off effect can bee seen in a simple way by measuring the current
through the SSET. As we have seen before in chapter 4 the current has a
maximum at the same position as the number of photons. However as the
number of photons decreases the current decreases as well. The photon cut-
off (5.10) depends on the transport voltage V. As the voltage decreases the
number of photons will decrease step by step, and the same step structure
can be seen in the current (see fig. 5.5).

We see that strongly squeezed photon number distributions can be pro-
duced in a solid state anharmonic oscillator coupled to a SSET. It requires
an oscillator with frequency in the GHz range, a positive quartic term, and
low dissipation, such that the inequalities w > g > [y > k are satisfied.
For the example presented in fig. 5.4 a Q-factor of the order of 10* is suffi-
cient. Nanomechanical oscillators, with @ =~ 10° have been produced [78],
but reaching the GHz range is difficult. Circuits formed of a Josephson
junction and L-C' elements can satisfy the requirements and have the ad-
vantage of tunable anharmonicity and frequency, which allows selecting the
squeezed photon number state. Furthermore, these circuits can be coupled
to superconducting qubits, which allows measuring the oscillator state as a
state-dependent frequency shift [20].
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Figure 5.5: The average photon number (n) and the current as a function of the
transport voltage V. As the voltage decreases we cut-off the rates increasing the
photon number, I‘(ff)nﬂf,n. Accordingly we see a step structure in the photon

number and the current. For the parameters: éNg = 0.1, A = 2.2, ¢ = 0.01,
w=04,Q=0.001, E; =0.1, s/(Ec/e*R) = 0.02 (all energies in units of E¢).

5.2 Stability of Squeezing

In chapter 4 we discussed the major effects of noise on the SSET-maser. We
will now revisit those results in the context of stability of the squeezing effect.

In a realistic system we have many different sources of noise, which cause
dissipation and dephasing. These effects can destroy the squeezing effect.
In the previous section we only took into account the dissipation in the
oscillator. Transmission-line oscillators can be produced with very high Q-
factors and as long as n.,; < Nye: the squeezing mechanism will work. The
strength of charge noise has to be compared to the coupling between oscillator
and SSET. As long as g is larger than the dephasing strength D, we have seen
that the effect on the number of photons is minimal. The dissipation caused
by charge noise will mostly create transitions between the states |4, n) (see
eq. (4.35) and discussion thereafter). However as one can see in the diagram
in fig. 5.3 it is the cut-off of the transition I'; ,,_._ ,, that creates the squeezing
effect. Additional transitions between |+, n) will not reduce this effect in any
way.

For the whole discussion in section 5.1 we have chosen the limit g > I.
In this limit the squeezing is very effective, but additionally we nee Iy > &,
to have a large n,,.,. This imposes a strong limit for the dissipation in the
oscillator. In section 5.4 we will discuss a specific coupling of SSET and
oscillator that will allow us to create the squeezing effect even for Iy ~ g,
however for the system as we have outlined it so far strong quasiparticle
tunneling will destroy the effect. In fig. 5.6 we show how increasing the
current decreases the number of photons. At the same time the Fano-Factor
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increases, as the squeezing effect is destroyed.

An additional important type of noise in solid state systems is 1/ f noise.
We assume that 1/f noise will couple through the transport voltage. Note
that the effect of coupling through the gate charge d N would be very similar.
We can treat 1/f noise as quasistatic and average our results for a specific
voltage V over a gaussian distributed fluctuation. This has been explained
in detail in section 3.5. The results can be seen in fig. 5.7. We create the
cut-off in the transition rates by using the photon number dependent energy
difference AE; .1 ,. The photon number dependence is related to the an-
harmonicity 2. If the anharmonicity is of the same order as the strength of
the 1/f noise, the squeezing effect will be washed out.

5.3 Inductive Coupling

In the previous section we discussed strong squeezing for an oscillator with
a small anharmonicity strongly coupled to the SSET. But the general ef-
fect can be used in many different designs. We will now try to outline an
implementation of the squeezing scheme which can be used with weak cou-
pling, that automatically produces the necessary anharmonicity. This can
be done by coupling a SSET inductively to a transmission-line. The current
oscillating in a transmission-line creates a magnetic field. This field couples
to a loop which is part of an effective Josephson junction. The effective
Josephson junction in turn is created by three Josephson junctions inside
two loops (see fig. 5.8). Each of the loops is coupled to an external field ¢,
¢, and additionally one of the loops is coupled to the flux emanating form
the transmission-line ¢,. However, apart from this our system works like a
standard SSET (see section 2.1).

The quantized current in the transmission-line /, creates an quantized
flux

e’ IS

Gq = (5.12)

22y
where S is the total effective area of the loop, r is the total distance between
loop and transmission-line and g is the magnetic constant. We assume that
only one of the transmission-line modes is excited. If the loop is placed at
the antinode where the flux is largest, we get I,(z) = —il,(a’ — a), where I,
is the current amplitude. This yields,

¢ = —ido(a’ —a), ¢ = qu. (5.13)

22y
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Figure 5.6: The average photon number (n) and the Fano-Factor as a function
of the quasiparticle coupling strength (e2R)~!. The coupling strength is directly
proportional to the current through the SSET. As the current increases the average
photon number decreases and the Fano-Factor increases. For the parameters:
O0Ng = 0.1, eV =56, A =22, g = 001, w = 04, Q = 0.001, £y = 0.1,
k/(Ec/e*R) = 0.004 (all energies in units of E¢).
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Figure 5.7: black dots: A strongly squeezed distribution p, of photon number
states in a Josephson junction-L-C oscillator driven by a SSET obtained for § Ng =
0.1, eV = 5.6, A =22, g = 0.01, w = 0.4, Q = 0.001, Ey = 0.1, s/(Ec/e?R) =
0.004 (all energies in units of E¢). red dots: 1/f Noise with strength I'¢ = 0.0002,
blue dots: 1/f Noise with strength I'¢ = 0.0005.
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Figure 5.8: The system consists of an island coupled by a junction and an effective
junction to leads. The effective junction consists of two loop with three Josephson
junctions. Two junctions have the Josephson coupling strength E; and one has
the Josephson coupling strength Ejco. In each loop we have an external flux ¢,
and ¢, respectively, and in the loop close to the transmission-line we have a flux
¢4, which is the result of current oscillations the stripline.

The Hamiltonian of our system takes the form

H = Ec(N — Ng)? — Ejcos(¢p + ¢e/2) — Ejcos(¢p — ¢e/2)
— Ejccos(¢ — ¢ /2 4 Po + ¢y) +wd'a, (5.14)

where F¢ is the charging energy, N is the gate charge and N counts the
charge on the island and is the conjugate variable to ¢. We choose ¢, = 2,
¢, = mand E;c = 2 E;. Expanding for small ¢, yields,

1
H = Ec¢(N — Ng)? + Ejcos ¢ + §7T¢qEJSin¢

1
+ 572¢2EJ cos ¢ +wa'a. (5.15)

For our system the only important charge states are |[N = 0), [N = 1)
and |N = 2). Of these states, Cooper-pair tunneling does not connect the
charge state [N = 1) to any other relevant charge state. Therefore we can
transform the system into the base of the qubit states | 1), | |) defined by eq.
4.2. The energy of |N = 1) still has to be taken into account, but only for the
quasiparticle tunneling rate. This is the same transformation we performed
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in section 4.3.1. This gives us

1 E
H = SAF. +¢W¢Z J

TPy
8
where AE = \/Eg + (4EcNg)? and tan 2§ = E;/46NgE¢. In this step we
shifted the energies by —(1 + 0NZ)Ec. We are interested in the behavior of
the system close to the resonance w = AFE and therefore we only keep the

energy conserving terms. In section 4.3.3, we have discussed in more detail
the validity of the rotating wave approximation. We get

o,(a’ —a) +wad'a (5.16)

+

(sin 260, 4 cos 260,)(2aTa 4+ 1 — at’ — a?),

Ho = (AE/2 +~ad'a)o. + gla'o_ +ao,) + wa'a, (5.17)

where v = (m2¢g E;sin2€)/8 and g = noE; /4. This is the Hamiltonian we
will use to discuss squeezing in the week coupling regime.

5.4 Weak Coupling

In section 4.3.2 we have discussed the derivation of the master equation for
the weak coupling limit. Instead of projecting the master equation onto
the eigenbase of the quantum system we use the product base of SSET and
oscillator. The eigenstates of the SSET are given by | 1), | |) and |[N = 1)
and the oscillator states are given by the Fock states [n). The product state
| T/ 1)|n) has the energy E;/ , = £(AE/2 + yn) 4+ wn, where we assume
AE > ~v(n). The odd charge state forms a product state |[N = 1)|n) with
energy E;, = Ec + wn. For the derivation of the master equation it is now
crucial to take into account the photon number dependence of the energies.

The transition from the state [N = 1)|n) to | T)|n) has the smallest
energy difference and this energy difference is decreasing with the number of
photons. This means that for a certain number of photons it will be smaller
then twice the gap A. We have discussed in section 5.1 that the quasiparticle
tunneling has a sharp step structure, and breaks of for energies smaller 2A.
This cut-off photon number in the weak coupling regime is given by

1
Newt = —(eV —2A — Ec — AE/2) (5.18)
8

Apart from the gap cut-off, the energy dependence of the quasiparticle cur-
rent (4.11) is not particularly strong and we assume all transition rates to be
proportional to the current at the gap energy Iy = [(2A), but for the tran-
sition from |N = 1)|n) to | T)|n) we include an appropriate Theta-function,
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which cuts off the transitions for n > n.,,. This gives us a Lindblad operator
of the form

cos? € I

+ O(n = new) (2P pPy, — PruPlp — pPT,nPTvn)]

sin’ € I,

> [<2PL7HPPT@ — Pl PLup—pP, P

n

+ (QPTJLpPT,n — P{nPT,np - pPTJr,nPTv")i| ’

where Pp/ypn = [n)(n] @ [N =1)(T /| |

Apart form this change in the Lindblad operator representing quasiparti-
cle transitions our master equation corresponds to the weak coupling master
equation 4.53. We can now calculate analytical results exactly in the same
way it has been done in section 4.3.4. Tracing over the degrees of free-
dom of the SSET yields eq. (4.54). We assume that the artificial atom
equilibrates much faster then the oscillator and we can therefore assume
pn = (n|Trssgrp|n) to be constant on the time scale of the artificial atom.
The transitions between the states of the artificial atom without dissipation
are given by

Pim/1n = 1o sin? Eptm/rm + Lo cos? EPLn/Im (5.20)
— I (sin2 € 4+ O(neys — n) cos” f) Pin/in s

Prin/tn = —1 g\/m (pTvn/l,nH - p?,n/l,n-ﬁ-l)
+ IpO(Neys — 1) cos® Eprnin — o sin? EP1n/1m s

PLin+1/lin1 = igVn+1 (PTvn/l,nﬂLl - PT,n/L,nH)
+ Iosin® £p1n/in — Lo OS> €pyntt/nt s
Prnfimt = —(lo/2 4 D)pyn/in+1 — 10WP1 /1 nt1

+ —ig\/m (PT,n/T,n - pIJH-l/l,n-H) : (5.21)

Using the fact that p, = p1n/10 + im0 + P1n/1,n We can form a closed set
of equations similar to eq. (4.55) and solve it in the stationary case,

Pn = (1";: + /{ﬁwn) Pr1 (5.22)
— (Thy + T, 4 kAg(n+ 1) + k(7w + 1)n) py,
+ (T + A7 + 1) (0 4+ 1))
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where IV = T'r,0(n — new) cos* ¢, is the rate increasing the number of
photons, I'; = I'z,, sin® € is the rate decreasing the number of photons and

10§2n

—— Io((2D+10)2+4(8e—w)?) (cos 4€+7) n < New
T _ 9 32(2D+1g) (5 23)
o log"n n>n ' '
_ Io((2D+1)2+4(de—w)2) sin2 € cut
g?n(2—cos 2€)+ o 04(2D+10) )

The only difference to our calculation in section 4.3.4 is, that we added a
photon dependent cut-off in the quasiparticle tunneling rate. We can solve
eq. (5.22) and get a resulting density matrix given by eq. 4.59. For 6 Ng > 0
the shape of p, is essentially given by a superposition of a thermal distribution
and the distribution of a poisson distribution. Close to the resonance AF = w
and for Iy > k the average photon number, in the limit of n.,, — oo is given
by Nmae (4.64). The average number of photons has a maximum for AE = w,
increases with decreasing x and D and saturates with increasing strength of
the coupling g to ng, + n (4.27).
To get strong squeezing we have to choose

Neut < Nmaz » (524)

such that the distribution gets squeezed against the cut-off (see fig. 5.9).
This condition determines the maximum size of x and D, and the minimal
size of g. It is obviously helpfull to tune the system to resonance, AE = w.

In fig. 5.9 we see an example for a strongly squeezed distribution, where
we solved the master equation numerically in the rotating wave approxima-
tion. We have included a dephasing rate D which is of the same order than
the coupling of SSET and oscillator, and the @ factor of the oscillator is in a
realistic range, @ ~ 10*. For this particular example we have chosen a quasi-
particle tunneling larger than the coupling of SSET and oscillator, Iy > g¢.
In contrast to the squeezing scheme proposed in section 5.1 squeezing is not
destroyed for this parameter range. From this result we see that squeezing
can be achieved for realistic parameters.

To better understand how dephasing, quasiparticle tunneling, and dis-
sipation affect the squeezing we will now analyze two cases which can be
solved analytically. For our further discussion we will assume that we are at
resonance AFE = w.

Small dissipation s and small temperature allows us to assume I', >
k(1 + 1)ney. Thus the distribution can be approximated by

4 n
C.OS <
on = 00 (r;j ) = Meat (5.25)
H—% n > Neut
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Figure 5.9: The probability distribution p, as a function of the photon number
n. For the parameters: n.,; = 20, AE = w, Iy = 0.0325, E; = 0.1, k = 0.00005,
g = 0.025, D = 0.001 and 7 = 1 (all energies have been normalized with E¢).
Inset: the distribution for the same parameters with n.,; — oo. The position
where we cut of the distribution for the large picture is shown with a dashed line.

where the normalization constant pg is given by

[ (o efsintey =) | (o )]
Ny

Po =

cost & —sint ¢ 1+ 7,
(5.26)
For cos& > sin € the density matrix at the cut of point becomes
COS4§ Ncut B ﬁ/w Necut -1 COS4€ Necut
Prewe ¥ |\ =22 + Ny - - .
sin” & 1+n, sin® &
(5.27)

Here we see that for small temperatures, n, — 0, we will get a pure photon
number state at n = n.,;. The temperature has always this kind of effect, so
we will consider the next case directly for the optimal case n, = 0.

For strong driving, cos* ¢ > sin ¢, it is only disspation in the oscillator
that decreases the photon number. Assuming cos*¢ ~ 1 yields for for the
density matrix

Lig*\" -
Pn = Po (ﬁ) 7, (352 + Io(2D + Ip)(cos 46 +7)/32) ™" O (news — i) -

KR

(5.28)
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If Ny is not to large we can assume that 12 > §?n.,. At the cut-off the

distribution becomes
g— Ik g\
pncut = _ Necut _ ([_—) Y (529)

() "~ Ton M

0

where Iy = (2D + Iy)(cos4¢ + 7)/32. A pure photon number state will be
achieved if g2 > Iyx and squeezing will be destroyed for a large quasiparticle
tunneling rate Iy. This is the case because I adds an additional source of
dephasing, as discussed in section 4.3.4. However, as long as dissipation in
the oscillator is small we can produce strong squeezing, even for Iy > g.

We see that strongly squeezed photon number distributions can be pro-
duced in a transmission-line oscillator inductively coupled to a SSET. It
requires an oscillator with low dissipation and a SSET with small dephasing,
such that the inequalities w > g > \/.%7 are satisfied. For the example
presented in fig. 5.9 a Q-factor Q = 10? is sufficient. In contrast to the
squeezing scheme proposed in section 5.1 the quasiparticle tunneling can be
larger than the coupling g. Instead of using a transmission-line oscillator it
is also possible to use a L-C' tank circuit. Inductive coupling between a L-C'
tank circuit and a superconducting qubit has been demonstrated [24].



Chapter 6

Dynamical Tunneling

Nonlinear micro- and mesoscopic vibrational systems have attracted much
interest in recent years. In such systems damping is often weak, and even a
comparatively small resonant field can lead to bistability, i.e., to coexistence
of forced vibrations with different phases and/or amplitudes. Quantum and
classical fluctuations cause transitions between coexisting vibrational states.
The transitions are not described by the conventional theory of metastable
decay, because the states are periodic in time and the systems lack detailed
balance. Experimentally, classical transition rates have been studied for such
diverse vibrational systems as modulated trapped electrons [79], Josephson
junctions [29], nano- and micromechanical oscillators [80, 81, 77], and trapped
atoms [82], and the results are in agreement with theory [83, 51].
Superconducting quantum devices might give us the possibility to reach
and study the quantum regime[84]. A well known non-classical effect is tun-
neling through a potential barrier. However, tunneling can not only occur
between states separated by a potential barrier but also between coexisting
classically stable periodic states. This effect is called dynamical tunneling. In
the quantum regime it should become important for weak dissipation. It was
first studied for a resonantly driven oscillator, where a semiclassical analysis
[85] made it possible to find the tunneling exponent in a broad parameter
range [86]. It has been predicted in many systems [87, 88] but until now
only chaos assisted dynamical tunneling has been measured [89, 90]. In this
chapter we will study dynamical tunneling in a parametric oscillator. The
parametrically driven oscillator is another example for a system that has been
studied in quantum optics [32, 52, 53, 54], and can be experimentally realized
using superconducting devices [29, 91]. We have discussed a superconducting
device that can be used to study the quantum regime of a parametric oscilla-
tor in section 2.2. Dynamical tunneling between the two stable states of the
parametric oscillator has interesting properties, which differ fundamentally
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from tunneling through a potential barrier in coordinate space. Using high
precision measurement techniques developed for superconducting qubits [73]
might give us the possibility to measure this unique effect for the first time.

In the parametrically driven oscillator the coexisting classical periodic
states have period 27, where 7 is the modulation period. Such period-
2 states are identical except that the vibrations are shifted in phase by .
Therefore the corresponding quantum states (Floquet states) are degenerate.
Tunneling should lift this degeneracy, as for a particle in a symmetric static
double-well potential. Earlier the tunneling matrix element was found [92]
for modulation at exactly twice the oscillator eigenfrequency w. Recently
the tunneling exponent was obtained in a general case where the modulation
frequency wp = 27 /7r is close to 2w [93].

In this chapter we show that tunneling between period-2 states of a para-
metrically modulated oscillator displays unexpected features. We find that
the tunneling matrix element oscillates with varying wp — 2w, periodically
passing through zero. These oscillations are accompanied by, and are due to
spatial oscillations of the wave function in the classically forbidden region.

Figure 6.1: The scaled effective Hamiltonian of the oscillator in the rotating frame
9(Q, P), for p = 0.5. The minima of ¢(Q, P) correspond to the period-2 vibrations.
The eigenvalues of g give scaled oscillator quasienergies.

For resonant modulation, |wr — 2w| < wp, and for a small amplitude
of the modulating field F' the oscillator dynamics is well described by the
rotating wave approximation (RWA) [94]. The scaled RWA Hamiltonian ¢
as a function of the oscillator coordinate () and momentum P in the rotating
frame is independent of time. In a broad parameter range it has a symmetric
double-well form shown in fig. 6.1. The minima correspond to the classical
period-2 states, in the presence of weak dissipation. Respectively, of utmost
interest are tunneling transitions between the lowest single-well quantum
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states of g.

We will discuss the rotating wave Hamiltonian in more detail in the next
section. Then we will proceed to calculate the tunneling amplitude between
the two wells. In the last section we will analyze the system beyond the
rotating wave approximation.

6.1 The Duffing Oscillator

A simple model of a nonlinear oscillator that describes many experimental
systems, see e.g. section 2.2, is a Duffing oscillator. The Hamiltonian of a
parametrically modulated Duffing oscillator has the form

1 1 1
Hy, = 5pQ + 3 (w2 + Fcoswpt) ¢+ iyqd‘. (6.1)
For wp close to 2w and for comparatively small F,
1
dw = QWF — W, |dw| < w, F < W (6.2)

even where the oscillator becomes bistable its nonlinearity remains relatively
small, |7(¢?)] < w?. For concreteness we set v > 0; the results for v < 0 can
be obtained by replacing dw — —dw in the final expressions.

To describe a weakly nonlinear oscillator it is convenient to make a canon-
ical transformation from ¢ and p to the slowly varying coordinate () and
momentum P,

UlqU = Cpar [P cos(wpt/2) — Qsin(wpt/2)], (6.3)
UpU = —Cpuwr [Psin(wrt/2) + Q cos(wrt/2)] /2,

where Cp.r = (2F/37)Y/? and
[P,Q] = —i\, A =3vh/Fuwp. (6.4)

The dimensionless parameter A plays the role of A in quantum dynamics
in the rotating frame [93]. This is equivalent to a transformation of the
quantum Hamiltonian with the unitary operator Ug(t) = g twalat/2
is the annihilation operator of the oscillator.

The transformed oscillator Hamiltonian has the form (F2/6v) g, where

g=9(Q,P),

, where a

2 1

9Q.P) =1 (P +Q) 450~ wP — (1 +wQ"  (65)

A~ =
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The terms o exp(+inwgt) with n > 1 in § have been disregarded.

The time-independent operator ¢ is the scaled oscillator Hamiltonian
in the rotating frame. Its eigenvalues multiplied by F?/6v give oscillator
quasienergies, or Floquet eigenvalues. Formally, ¢ is a Hamiltonian of an
auxiliary stationary system with variables @), P, and the eigenvalues of ¢
give the energies of this system. The operator ¢ depends on one parameter

p=2wpow/F. (6.6)

For ;1 > —1, ¢(Q, P) has two minima located at P = 0, Q = +(u + 1)'/2.
For ;1 < 1 the minima are separated by a saddle at P = ) = 0, as shown in
fig. 6.1. When friction is taken into account, the minima become stable states
of period-2 vibrations. The function ¢g(Q, P) is symmetric as a consequence of
the time translation symmetry: the change (P, Q) — (—P, —Q) corresponds
to shifting time in eq. (6.3) by the modulation period 7¢.

6.2 Tunneling in the Rotating Wave Approx-
imation

We assume the effective Planck constant A to be the small parameter of the
theory, A < 1. Then the low-lying eigenvalues of § form doublets. Splitting
of the doublets is due to tunneling between the wells of ¢(@Q, P). Since
9(Q, P) = g(—Q, —P) is symmetric, the problem of level splitting seems to
be similar to the standard problem of level splitting in a double-well potential
[95]. As in this latter case, we will analyze it in the WKB approximation.

The major distinction of the present problem comes from the difference
between the structure of ¢g(@Q, P) and the standard double well potential.
The momentum P(Q);g) as given by equation g(Q, P) = g has 4 branches,
with both real and imaginary parts in the classically forbidden region of Q.
This leads to new features of tunneling and requires a modification of the
quasiclassical approximation.

We will consider splitting dg of the two lowest eigenvalues of §. Because
of the symmetry, the corresponding wave functions 14 (Q) are

1
V2
where ¢;(Q) is the “single-well” wave function of the left well of ¢(@, P) in

fig. 6.1. It is maximal at the bottom of the well Qp = —(1 + u)/? and
decays away from the well. To the leading order in A, the corresponding

¥+(Q) [Di(Q) £ i(—Q)], (6.7)
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lowest eigenvalue of § iS gmin + gg, Where guin = —(1+ p)?/4 is the minimum
of g(Q, P) and g, = Mz + 1)1/2 is the quantum correction.

The wave function ;(Q) is particularly simple for 4 < 0. In the classically
forbidden region between the wells, |Q| < |Qol, it has the form

= C [~idpg) ™ expliSo(Q) /N, (6.8)

where Sy(Q) is given by the equation ¢(Q, 99Sy) = Gmin + Jq»

Q
S(Q) = / P(Q)dQ, (6.9)
Qio+Lg
1/2

. ~\1/2
PQ) = ifl+@—px2(Q*—p)"] "
i =1 — gq, Ly=Mg? = N2 (u+ 1)

We keep here only the contribution from the branch P_(Q), because P_(Q)
is zero on the boundary of the classically forbidden range @ + L,. For
—p > X and |Q + Ly > |Q| the action Sp(Q) is purely imaginary. The
wave function ¢;(Q)) monotonically decays with increasing Q.

The prefactor in the wave function (6.8) is determined by the complex
classical speed of the oscillator

Opg = 2P_(Q) (Q* - )", (6.10)
The normalization constant C' in Eq. (6.8),
C = [(u+ 1)/n] " exp(~1/4), (6.11)

is obtained by matching, in the range L, < @ — Qi < |Quo|, Eq. (6.8) to
the tail of the Gaussian peak of ¢;(Q), which is centered at Q.

We are most interested in the parameter range g > A where tunneling
displays unusual behavior. For such p the momentum P_(()) becomes com-
plex in the range |Q| < fi. This means that the decay of the wave function
is accompanied by oscillations. To correctly describe them we had to keep
corrections g, in eq. (6.9).

We first rewrite eq. (6.9) in the form

9q/2
@

eq. (6.12) applies for Q — Qo > L. It is seen that P_(Q) has two branching
points inside the classically forbidden region. The closest to ;o is the point

PAQ) ~i |1—(Q*— i)/ - (6.12)
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Qv = —fi"/?. The WKB approximation breaks down for small Q + j'/2.
The wave function in this region can be shown to be proportional to Airy
function Ai[—(Q + f'/?)(2'/?/A?)'/3]. Therefore 1 oscillates with @ for
positive Q + i'/2.

In contrast to the standard WKB theory of the turning point, the pref-
actor in 1); contains two factors that experience branching at —j'/?, see
eq. (6.8), (6.10). The full solution in the oscillation region can be obtained
by going around —/i'/? in the complex plane following the prescription [95].
For \2/3 < Q + i'/? it gives

Wy ~ 2C|0pg| % exp [—Im So(Q) /A cos @(Q),
P(Q) = 01(Q) + P2(Q). (6.13)

The term Im Sp(Q) in the amplitude of the wave function (6.13) is deter-
mined by eq. (6.9). The phase ®(Q) has two terms. The term ®;(Q) comes
from the exponential factor in the WKB wave function (6.8),

Q

D,(Q) :)\1/ Re P_(Q) dQ, (6.14)

_ﬂl/Q
where Re P_(Q) is given by eq. (6.12) in which we set (Q? — 1)*/? — i(ji —
Q*)/2; therefore Re P_(Q) > 0. It is simple to write ®; and Im Sp(Q) in

explicit form.
The term ®5(Q) in eq. (6.13) comes from the prefactor in ¢;(Q), eq. (6.8),

1/2
Dy(Q) ~ 1zaurcsin < o ) -

> [Ea—eH (6.15)

NE

Decay and oscillations of the wave function described by eq. (6.13) are
compared in fig. 6.2 with the results of a numerical solution of the Schrodinger
equation g = giy. The left-well wave function was obtained numerically as a
sum of the two lowest-eigenvalues solutions, cf. eq. (6.7). In this calculation
the basis of 120 oscillator Fock states was used. A good agreement between
analytical and numerical results is seen already for not too small A = 0.09.

The above solution allows us to find the tunnel splitting g = g — g4 of
the symmetric and antisymmetric states (6.7). Following the standard ap-
proach for a symmetric double-well potential [95] we multiply the Schrodinger
equations for the involved states gi; = g3 and gy = gy by ¥} and 9},
respectively, integrate over () from —oo to 0 and subtract the results. This
gives

0g = =" {2(1 = p)tu(0)¢1(0) — A* [11(0)9"(0) + 9(0)3' (0)] }
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-5x10™

Figure 6.2: The wave function of the ground state in the left well ¢;(Q) in the
oscillation region for A = 0.09 and p = 0.5. The solid line shows explicit expressions
(6.13)-(6.15), the dashed line shows numerical results. Inset: 1;(Q) near its second
zero with higher resolution.

or, with account taken of eq. (6.13),

16AY2 (4 1)%%
og = (w(ﬁ)l/z) e~/ cos [204(0)], (6.16)
A = (p+ )P pn (P 1+ (p+1)?]),

20,(0) = w(pA ™t =1)/2 (> N).

Clearly, g may be positive or negative, that is, the symmetric state may
have a lower or higher quasienergy than the antisymmetric state.

The dimensional splitting (F?/6v)|dg| gives twice the matrix element of
tunneling between period-2 states of the oscillator. This matrix element
has an exponential factor exp(—A/A) [93]. In addition, it contains a factor
oscillating as a function of the scaled frequency detuning p/\ = 6w (wp —
2wp)/3vh. The oscillation period is A(u/A) = 4. These oscillations are shown
in Fig. 6.3.

The oscillations of dg result from the wave function oscillations in the
classically forbidden region. This can be seen from the analysis of 1;(Q)
near the positive-QQ boundary of the oscillation region, Q = i'/?. The wave
function for @ —fi'/? > X is a combination of the WKB waves with imaginary
momenta Py (Q) = i[14(Q?—f1)'/?]. The coefficients in this combination can
be found in a standard way [95]. They are determined by the phase ®(i'/?).
Only the wave with P_(Q) contributes to the tunneling amplitude, since P,
remains imaginary in the right well of ¢(Q, P). For ®(i'/?) = (4n — 3)7/4
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l3gl/2
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Figure 6.3: Scaled matrix element of tunneling between period-2 states as a func-
tion of the scaled detuning of the modulation frequency from twice the oscillator
eigenfrequency. The solid lines show explicit expression (6.16), the dashed lines
show the result of numerical calculations. Inset: a higher-resolution plot of |dg|/2.
The data refer to A = 0.09.

this wave has zero amplitude, leading to g = 0. By noting that ®(i'/?) =
20, (0) — /4, we immediately obtain from eq. (6.16) that dg = 0 for u = 2nA
with integer n, in agreement with fig. 6.3

The occurrence of spatial oscillations of the ground state wave function of
the scaled Hamiltonian g does not contradict the oscillation theorem, because
g is not a sum of the kinetic and potential energies and is quartic in P.
The motion described by the Hamiltonian ¢(@, P) is classically integrable.
Respectively, the quantum problem is different from dynamical tunneling in
classically chaotic systems [89, 90];

The effect is also qualitatively different from photon-assisted /suppressed
tunneling in systems with stationary double-well potentials: our oscillator
has a single-well potential, the bistability is a consequence of resonant mod-
ulation, and the Hamiltonian ¢ is independent of time. At the same time
there is a remote similarity between the oscillations of the tunneling matrix
element for period-2 states and for electron states in a double-well potential
in a quantizing magnetic field [96]. The approach we used can be also ex-
tended to a resonantly driven Duffing oscillator, where the RWA Hamiltonian
has a structure similar to eq. (6.5) [86, 83].

Tunnel splitting can be observed by preparing the system in one of the
period-2 states and by studying interstate oscillations, cf. Refs. [89, 90]. This
requires that the tunneling rate (F?2/6v)dg exceeds the dissipation in the
oscillator, which is given by wr/4Q), where @ is the oscillator quality factor.
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The splitting sharply increases with increasing A. Our RWA numerical results
indicate that dg still oscillates with p for A = 0.25 —0.3 and is well described
by eq. (6.16) for p = 2X, but even in this parameter range measurements
remain challenging. However, as we will see in the next section it is possible
to increase the size of the oscillations by moving beyond the rotating wave
approximation.

6.3 Complete Solution

In the previous section we used the rotating wave approximation (RWA),
which applies if the driving frequency is much larger than the system level
splitting. However, as we will see, for a parametrical oscillator small driving
frequency enhances the size of the tunneling matrix element. This will make
it much easier to measure dynamical tunneling between the period-2 states.
Calculating the tunneling matrix element requires the diagonalization of the
complete time dependent Hamiltonian. However, if the corrections to the
RWA are small we can use a perturbation theory approach, which we will
develop in this section.
The complete transformed oscillator Hamiltonian has the form

Hy = ULHyUg — ihULUR = K (g + h(t)) , (6.17)

where K = F?/6~ is the normalization constant and g (6.5) has been dis-
cussed in section 6.1. We have an additional time dependent term

h(t) = h(Q, P,t) + hP(Q, P,t) + h¥(Q, P,t). (6.18)

The three terms are the time dependent parts corresponding to F cos wrt ¢*/2,

—4 (% — w%) q? and ~vq*/4 in the rotating frame,

Y (1) = (P*+ Q2)2 Cos (6.19)
1 1
+ 3 (P2 — Qz) cos 2 — 3 {P,Q}, sin2¢p,
1

1 .
WO(t) = —Sp (P? = Q%) cosp + - {P,Q}  sin g,

é 2(P4—Q4)cos<p+%<P4—3{P2,Q2}++Q4>]
+ % [—2(P{P,Q}, P+Q{P,Q}, Q)siny
_(P{PaQ}+P_Q{PaQ}+Q)Sin2<P] )
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where ¢ = wpt and {X, Y} = XY +Y X. The Hamiltonian Hy(Q, P) is sym-
metric, Hy(Q, P) = Ho(—Q, —P). This is a consequence of the time transla-
tion symmetry. The change of the sign (P, Q) — (—P, —Q) corresponds to
the shift in time by the modulation period ¢t — ¢t + 27 /wp, see eq. (6.3). The
eigenstates can be found by solving the Schrodinger equation

L0 .

zha—@f =K (g+h(t)y. (6.20)
The Schrédinger equation can be solved numerically. We will use the Eigen-
states of g as the base for our expansion of the wave function,

gln) = gnln) (6.21)
but) = 3" Conlt)ln)
Cen(t) _ Z Censeiie t/h—ise )

The solution consists of sets of states which are essentially equivalent, but
they are shifted in energy by wg and in time by ¢ — ¢+ 27 /wp. Each of these
sets will correspond exactly to the eigenstates of § for hwp/K — oco. From
the previous section we know that the two states with the lowest energy are
the symmetric and the anti-symmetric superposition of the intrawell ground
states of the left and right well. By adding or subtracting these two states
we can extract the intrawell state from the numerical solution.

In fig. 6.4 we compare the intrawell function calculated in the RWA with
the complete solution of eq. (6.20). The driving frequency for this particular
solution has been chosen such that h(t) clearly has an impact on the form of
the wave function. However, we see that the time dependency of the wave
function is not very strong. The basic features stay the same at all times. One
should note especially that the wave function is still clearly located in one
of the wells in exactly the same way as the time independent wave function.
It is only the shape of the function which changes. So it makes still sense
to consider tunneling between the two wells in a regime where corrections to
the RWA have to be taken into account.

For large driving frequencies we can try to find corrections to the eigen-
states of ¢ in the form of a perturbation theory. Using the expansion given
by eq. (6.21), the Schrodinger equation (6.20) can be written in the form,

€ hsw A
(f — g+ KF) Cons = D > (0l (9)[m) Coe, e 71507

m  S1

where A = % 027T dpA(p). The small parameter of our perturbation theory
is given by K/hwr < 1. We try to find corrections to Cp,s in the form
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41.0
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0.5

Figure 6.4: The time dependent wave function for A = 0.5, p = 0.6 and K/hwp =
0.1. The black curve in the front is the wave function for the same parameters but
for the rotating wave approximation, K/hwpr — 0.

Cens = Y., C!,, where i stands for the order of the expansion parameter.
From the form of the wave function (6.21) it is immediately clear that

C? = Opmgls0, €0 = Kg°. (6.22)

ens

where we also expand € in orders of K/hwp, € = > ;€. The first order
correction for the wave function is given by

K

Ch, = o IR na) e (6.23)
and for the energy we get
K2 1 , '
© Thwr > —Tnalh(@)m)e % x TmIA(e) o) e . (6.24)
m 81

Comparison of our perturbation approach and numerical calculations show
that the first order corrections give us a good approximation of the exact
solution for K/hwpr < 0.1.

A major feature of the tunneling between wells of the potential g(Q, P)
are the oscillations of the tunnel splitting as a function of y. This is an effect
which comes from the oscillations of the ground state wave function. As can
be seen in fig. 6.4, a small driving frequency changes the shape of these oscil-
lations and therefore it should also change the energy splitting between the
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Figure 6.5: The energy splitting between the symmetric and antisymmetric ground
state for A = 0.5 and K/hwp = 0.1. red: The numerical solution. blue: The first
order perturbation theory solution. black: The result obtained for the rotating
wave approximation, K/hiwg — 0.

symmetric and anti-symmetric combination of the two intrawell ground state
wave functions. From eq. (6.24) we can see that the change of the tunnel-
splitting is determined by the overlap, created by h(t), of the RWA ground
state wave function with states closer to the top of the barrier. For those
states the tunnel splitting is larger than for the ground state. This suggests
that the coupling created by h(t) will also increase the tunnelsplitting of the
ground state wave function.

In fig. 6.5 we compare the result for the tunnel splitting in the RWA,
with a calculation for small driving frequency. We have chosen the size for
A such that the characteristic oscillations of the tunneling have disappeared
in the RWA. Both, the results of a numerical solution of the Schrédinger
equation and results obtained from the perturbation theory are shown. We
see that the perturbation theory is slightly different from the full calculation
but it shows the same qualitative behavior. As we have suggested before,
decreasing the driving frequency increases the tunnel splitting. Effectively
it shifts the oscillations in dg to smaller p compared to the RWA results.
This shows that we can use a decrease of the driving frequency to increase
the visibility of the oscillations. By tuning the driving frequency it might
be possible to create a tunnel splitting that is large enough to allow us to
measure the effect in a high-Q oscillator.
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Conclusion

We studied two quantum optical systems that can be realized using super-
conducting devices. One system is the single-atom maser, that can be build
by coupling a SSET to a transmission-line oscillator. The other system is the
parametric oscillator, which can be build using a periodically driven SQUID.
We have shown that interesting new effects which substantially differ from
standard quantum optics can be found in these systems. In chapter 5 we have
shown that the specific properties of the superconducting density of states
can be used to create a strongly squeezed distribution in an oscillator. In
chapter 6 we discussed dynamical tunneling between the vibrational states
of a parametric oscillator, and showed that the wave function oscillates in
the classically forbidden region. This leads to interference effects that can be
observed in the total tunnelsplitting.

In chapter 3 we have developed techniques to describe quantum optical
systems. Then we applied these techniques to the SSET-maser in chapter 4.
Each technique is suited for a particular parameter regime. The real time
diagrammatic expansion was used in section 4.2, followed by the Lindblad
master equation in section 4.3 and the polaron transformation in section 4.4.

The real-time diagrammatic expansion has been used in the strong cou-
pling limit. Here it is possible to describe the system using a balance equa-
tion. Lasing is clearly visible if the SSET and oscillator are in resonance.
We where able to derive analytical results for the average number of photons
and the Fano-Factor. Studying voltage fluctuations showed that they do not
effect the lasing properties as long as they remain smaller than the coupling
strength to the oscillator. The major effect is the widening of the JQP peak
in the current.

Following on from the real-time diagrammatic expansion we discussed a
weak coupling limit using a Lindblad approach to describe the system. We
include the relevant elements of the Hamiltonian and the density matrix and
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showed that a rotating wave approximation is valid. In the weak coupling
regime charge noise effects are much more interesting. We separated the
study of relaxation and dephasing in the SSET. The dissipation effects de-
crease the number of photons. Interestingly the current increase from the
widening of the JQP cycle keeps the peak in the current constant. For pure
dephasing in the SSET we where able to obtain an analytical solution for
the problem. The complete stationary density matrix can be calculated and
a comparison to numerical results shows that our approximations hold. We
see that dephasing reduces the number of photons significantly as soon as its
strength becomes of the order of the coupling. Strong quasiparticle tunneling
increases the number of photons only up to a point. For very strong tun-
neling the dephasing it creates becomes dominant and the photon number
starts to decay.

To describe low frequency noise we introduced the polaron transformation
and the relevant master equation in the Lindblad form. We discussed the
validity of our approximations for low frequency noise and for a broad spectral
density. We checked that for a large range of parameters our calculations are
valid. For the master equation in the polaron transformation we are able to
calculate analytical results as well. We showed that the results for a broad
distribution of noise frequencies obtained in the polaron transformation are
equivalent to the results for pure dephasing that we calculated before. In
section 4.4.4 we compare results for quasistatic noise, for low frequency noise
and for a broad distribution of frequencies. We see that the peak in the
average photon number shifts significantly to a smaller energy splitting for
slow noise. Then we show numerical results for ohmic noise and for coupling
to a single mode.

Leading on from the topics studied in this thesis there are at least two
interesting extensions. Low frequency noise has been studied in section 4.4 for
longitudinal coupling to the reservoir. It is possible to extend our analysis
to transversal coupling. This is not only of interest for the SSET-maser
but for many quantum optical systems. In section 5.3 we discussed the
Hamiltonian for a SSET coupled inductively to a transmission-line. This is
another interesting possibility which invites further studies as the inductive
coupling between a SSET and an oscillator is strongly anharmonic.
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